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This  document  is  a  compilation  of  material  presented  at  the  Fourth  Technical 
Interchange  Meeting  (TIM  IV)  of  the  Strategic  Laser  Communications  (SLC)  Program  held 
at  NOSC  25-27  March  1980.  The  meeting  was  sponsored  by  the  Naval  Electronic  Systems 
Command,  the  Defense  Advanced  Research  Projects  Agency.  Directed  Energy  Office,  and 
the  Office  of  Naval  Research.  The  SLC  Program  addresses  the  practicality  and  suitability 
of  an  optical  solution  for  transmitting  strategic  information  to  submerged  submarines.  The 
purpose  of  the  meeting  was  to  assemble  present  and  potential  program  contributors  to 
exchange  information  on  recent  progress  in  each  of  the  following  areas: 

System  engineering 

Space-based  laser  concept 

Earth-based  laser  concept 
Single-bounce  approach 
Double-bounce  approach 

Threat  definition/System  vulnerability 

Channel  characterization 

Propagation  characteristics 
Climatology  and  oceanic  property  statistics 

Subsystem  technology 

Lasers  (eg  XeCl,  HgBr) 

Downconversion  techniques 
Filters 

Many  of  the  illustrations  are  inferior  copies  of  Vugraphs  and  photographs,  but  they 
were  the  only  copies  available  at  the  time  of  printing. 

The  NOSC  point  of  contact  for  the  Strategic  Laser  Communications  Program  is 
LB  Stotts,  Code  8105,  telephone  (714)  225-7245  (commercial)  or  933-7245  (Autovon). 
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Highly  birefringent 
Sub-angstrom  bandwidths  possible 
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Hole  burning  filter  cryogenics  requirements  roughly  defined 

7  kw,  1300  kg  refrigerator/container  required  for  liquid  helium  temp. 
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22  nsec  pulse  stretching  observed 

Double  exponential  decay  observed;  not  understood 

Finite  area  cloud  model  needed 
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Knollenberg  data  taken;  reduction  urtderway 
Analysis  o*  Kauai  data  underway 
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OPTICAL  CLIMATOLOGY  (MDAC) 
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Expand  model  to  treat  clouds  of  finite  lateral  extent 
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Date  storage/retrieval  system  development  initiated 
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Variable  cloud  cover,  surface  waves,  etc 
fluctuations 

Approach:  Measure  background  fluctuation  spectrum  with  fast 

irradiance  receiver 
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GEOMETRY  OF  A  STRATEGIC  BLUE-GREEN 
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OSCAR  SPACEBORNE  SYSTEM:  PHASE  IB 


T.  E.  FLOM  AND  P.  J.  TITTERTON 
GTE  SYLVANIA 

Phase  IB  of  the  Optical  Submarine  Communications  by 
Aerospace  Relay  (OSCAR)  has  initially  concentrated  on  two  main 
tasks:  test  case  evaluation  and  experiment  definition. 

« 

16  environmental  test  cases  provided  by  NOSC  were  used  as 
inputs  to  the  propagation  and  system  models  developed  in  Phase  IA, 
and  a  system  design  which  met  the  full  system  requirements  for 
these  16  cases  was  developed.  The  driving  factors  and  sensitivity 
of  the  results  for  these  test  cases  has  also  been  explored. 

All  critical  sub-system,  sub-system  interfaces,  sets,  set 
interfaces  and  units  were  identified;  and  critical  experiments 
were  identified  and  defined. 
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TEST  CASE  EVALUATION 
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CESIUM  ATOMIC  RESONANCE  FILTER  STUDIES 


R.  Burnham  and  B.  Wexler 
Naval  Research  Laboratory 
Washington,  D.  C.  20375 


SUMMARY 


Several  aspects  of  the  atomic  cesium  resonance  filter  are  being 
studied  experimentally  to  determine  its  usefulness  for  strategic 
blue-green  communications.  First,  the  temporal  response  of  the  filter 
is  being  Investigated  as  a  function  of  pressure  broadening  on  the 
459  and  894  nm  resonance  lines.  Calculations  indicate  that  the  reso¬ 
nance  trapping  time  on  the  894  nm  line  can  be  reduced  t^  ~  1  usee  at 
reasonable  buffer  gas  pressures.  Second,  the  effect  of  broadening  on 
the  actual  filter  linewidth  is  also  being  measured.  Finally,  the 
tunabillty  of  the  XeCl  laser  downshifted  in  Pb  vapor  is  being  studied 
to  determine  if  efficient  extraction  from  this  laser  can  be  obtained 
at  the  frequency  of  the  459  nm  Cs  filter. 
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NRL  —  Cs  Atomic  Resonance  Filter  Stod/es 
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F//feir  Response  Time  Vs.  LineWidth 
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FIGURE  1  -  Spectrum  of  the  XeCI  User  downshifted  in  lead 

vapor.  The  height  of  each  laser  line  is  proportional 
to  the  Franck- Condon  factor  for  the  particular 
vibrational  transition.  The  position  of  the  Cs 
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e- INTRACAVITY  ETALONS 
g-ETCHELLE  GRATING 


fttKCKMNO  PAt*  BJLAWK-NOT  FILMED 


BIREFRIN6ENT  BLUE-GREEN  FILTERS 
March  25,  1980 

Alan  M.  Title 
William  J.  Rosenberg 


ABSTRACT 


The  status  of  plastic  film  elements  is  reviewed.  Poly 
vinyl  alcohol  can  be  laminated  to  make  30  cm  elements  or 
waveplates  while  polyesters  still  have  too  many  non-uniformities. 
For  elements  smaller  than  30  cm,  quartz  mosaic  filters  and 
Michelson  interferometer  elements  are  attractive.  An  actual 
Michelson  analog  birefringent  element  is  discussed  with  a 
candidate  configuration  for  a  narrow  band  (<1a)  filter  of  such 
elements. 

A  new,  highly  efficient  Sole  filter  design  is  presented. 
This  design,  using  only  16  elements  and  3  polarizers,  results 
in  a  finesse  of  240  with  an  integrated  out-of-band  transmission 
below  <10  .  In  band  transmission  of  80-90%  in  polarized  light 

should  be  possible. 

At  the  present  time  it  is  practical  to  build  a  quartz 
filter  with  a  30  cm  x  30  cm  aperture,  2A  FWHM,  and  a  19°  half 
angle  field  of  view.  It  is  suggested  that  construction  of  such 
a  filter  be  started  for  near  term  experimentation. 


Lockheed  Palo  Alto  Research  Laboratory 
3251  Hanover  St 
Palo  Alto  CA  94304 
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PLASTIC  FILM  TECHNOLOGY 
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ISO-INDEX  ELECTRO-OPTIC  FILTER: 
RECENT  EXPERIMENTAL  RESULTS 


J.  F.  Lotspeich 
D.  M.  Henderson 

Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  CA  90265 

ABSTRACT 

Recent  high-resolution  measurements  of  AgGaS2  iso-index 
filter  samples  have  confirmed  earlier  theoretical  predictions 
first  presented  in  1979.  We  have  observed  a  filter  pass- 

o  o 

band  of  less  than  1 .OA  at  4970A  in  a  sample  3mm  thick  and 
have  achieved  electro-optic  control  of  transmission  efficiency 
up  to  a  maximum  of  60%  for  polarized  light  with  about  1000V. 

o 

These  results  translate  to  filter  passbands  of  less  than  0.3A 
in  a  1-cm  sample  with  comparable  voltage  requirements  and  with 
negligible  electric  power  dissipation.  The  filter  response 
for  off-normal  light  beams  indicates  a  field-of-view  capability 
in  excess  of  45°  half  angle  (f/0.5)  with  less  than  20%  increase 
in  passband  over  the  narrow  field  condition.  Temperature 
tuning  of  the  pass  wavelength  has  also  been  observed,  with  a 

o 

tuning  rate  of  0.26A/°C.  A  larger  tuning  range,  for  matching 


d  particular  laser  transmitter  wavelength,  is  possible  by 
variation  of  chemical  composition. 

The  presence  of  optical  activity  in  AgGaS^  was  con¬ 
firmed.  Its  effect  on  transmittance  at  zero  voltage  and  on 
passband  characteristics  for  various  crystal  orientations  is 
currently  being  addressed. 

A  theoretical  model  for  characterizing  iso-index  materials 
has  been  developed,  based  on  the  classical  dispersion  theory 
of  doubly-resonant  damped  harmonic  oscillators  (band  edge 
splitting).  The  analysis  indicated  that  the  best  candidate 
materials  should  exhibit  (a)  a  large  non-resonant  birefringence,  (b) 
a  short  wavelength  band  edge,  and  (c)  a  small  band  splitting. 
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CHRISTI ANSEN-BRAGG  FILTERS 
P  Yeh  and  J  Tracy 


Summary 

A  new  type  of  narrowband  wide  field-of-view  filter  is  proposed  and 
analyzed.  This  filter  is  made  of  a  periodic  layered  structure  which  consists 
of  alternating  layers  of  two  dielectric  materials  such  that  the  dispersion 
curves  of  these  two  media  intersect  at  a  desired  wavelength  This 
layered  structure  is  optically  homogeneous  only  to  the  radiation  of  wave¬ 
length  Xr.  Other  radiation  will  be  reflected  provided  the  thicknesses  of 
the  layers  are  properly  chosen.  In  particular,  if  the  layered  structure  is  made 
of  a  chirped  quarter-wave  stack,  this  forms  a  broadband  reflector  for  all 
wavelengths  except  those  near  *c.  A  broadband  Bragg  reflector  generally  has 
a  wide  angular  rejection  cone.  In  addition,  the  transmission  of  light  at  X^ 
is  a  material  property  of  the  layered  structure  which  is  independent  of  the 
angle  of  incidence.  Therefore  a  chirped  Christiansen-Bragg  filter  can  be  a 
narrowband  transmission  filter  with  a  large  field-of-view.  The  field-cf-view 
can,  in  principle,  be  as  large  as  2tt  steradians. 
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TRANSMISSION  CHARACTERISTICS  AND  SPECTRAL 
TUNING  OF  CHRISTIANSEN  FILTER 


[ 

[ 

t 


103 


WAVE 


TYPICAL  CHRISTIANSEN  FILTER  OPTICAL  SYSTEM 


BROADBAND  BRAGG  REFLECTOR 


VA/AV/CI  QIPTLl  IM  IIKIITC  AC  Mlf'DAM 


Rockwell  International 
Science  Center 


wavelength 


BANDWIDTH  OF  CHRISTIANSEN-BRAGG  FILTER 


I 


109 


NUMBER  OF  LAYERS 


MATERIAL  DISPERSION 
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Summary:  Thermal  Control  For  Hole-Burning  Filter 


by  R.  Rochat  and  J.  E.  Jackson 


This  paper  describes  the  hole-burning  filter  concept.  At  this  point  in  time, 
it  is  only  a  concept  since  no  research  has  been  directed  to  develop  material 
systems  exhibiting  the  required  filtering  characteristics  for  the  blue-green 
laser  receiver.  Conceptually  the  hole  burning-filter  possesses  most  of  the 
characteristics  sought  for  in  this  application:  very  narrow  bandwidth, 
hemispherical  field  of  view,  unlimited  aperture  size,  potentially  high 
transmission,  selectable  center  bandpass,  and  high  out  of  band  rejection. 
Conceptually  a  receiver  employing  the  hole-burning  filter  would  require 
about  10  dB  less  laser  power  than  a  receiver  employing  any  of  the  other 
filter  concepts.  The  research  in  hole-burning  has  been  directed  to  memory 
devices  and  studies  of  fundamental  material  properties  at  cryogenic 
temperatures.  There  are  two  types  of  hole-burning:  photochemical 
hole-burning  (PHB)  and  nonphotochemical  hole-burning  (NPHB).  Most  all 
glasses  and  polymers  exhibit  NPHB  but  only  about  twenty  glasses  and 
crystallines  have  been  observed  to  date  that  exhibit  PHB.  PHB  is  the 
preferred  since  a  more  stable  and  higher  transmission  filter  could  be 
fabricated.  Examples  of  both  NPHB  and  PHB  material  systems  are  given. 

A  small  study  has  been  done  to  determine  the  size,  weight,  and  power 
of  the  cryogenic  system  required  for  the  hole-burning  filter.  The 
results  of  this  study  are  included. 
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SPACE-BASED 

LASER 

SESSION 


Paper  23  is  contained  in  volume  2. 


STATUS  OF  BLUE-GREEN  DISCHARGE  LASER  WORK  AT  NRL 


R.  Burnham 

Naval  Research  Laboratory 
Washington,  D.  C.  20375 


SUMMARY 


Experiments  designed  to  demonstrate  the  feasibility  of  a  1  J/pulse 
100  pps  blue-green  laser  using  XeCl ,  Raman  shifted  to  459  nm  in  lead 
vapor  are  being  carried  out.  In  initial  experiments  we  have  obtained 
~  30%  energy  conversion  from  308  nm  to  459  nm  using  an  x-ray  preionized 
discharge  laser  with  an  output  of  >  1.0  J  in  a  100  nsec  pulse.  The 
principal  limitation  to  conversion  efficiency  appears  to  be  the  quality 
of  the  pump  laser  beam  which  contained  considerable  superfluorescence. 
Injection  locking  experiments  are  being  carried  out  to  correct  this 
limitation.  We  have  also  investigated  problems  concerning  high-repe¬ 
tition-rate  downconvers ion  using  a  100  Hz  XeCl  laser.  Preliminary 
result?  indicate  that  there  is  no  fundamental  problem  with  inter-pulse 
relaxation  at  repetition  rates  up  to  100  Hz. 
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0  INVESTIGATE  PROPAGATION  OF  ACOUSTIC 

disturbances  w/interfepometer 


EFFICIENT  RAMAN  CONVERSION  OF  XeCI  LASER  INTO  THE  BLUE-GREEN  REGION 


H.  Komlne,  E.  A.  Stappaerts,  W.  H.  Long,  Jr. 
Northrop  Corporation 
Northrop  Research  and  Technology  Center 
One  Research  Park 

Palos  Verdes  Peninsula,  California 90274 


March  1980 


ABSTRACT 


An  efficient,  blue-green  laser  source  is  urgently  needed  for  the  Navy  submarine 
communication  system.  The  rare-gas  halide  excimer  lasers  developed  over  the 
last  few  years  appear  to  meet  the  requirements  on  efficiency  and  scalability, 
but  the  wavelength  of  their  near-uv  emission  is  too  short  for  direct  use. 
Recently,  Raman  shifting  of  the  excimer  laser  wavelengths  has  been  investigated 
using  atomic  metal  vapor  and  molecular  gases  as  conversion  media.  During  the 
past  year,  under  a  Navy-sponsored  program,  Northrop  Research  and  Technology 
Center  (NRTC)  has  demonstrated  the  feasibility  of  a  novel  conversion  scheme, 
based  on  higher  order  Raman  scattering,  for  efficiently  shifting  the  uv  wave¬ 
lengths  of  these  excimer  lasers  to  the  blue-green  region. 

The  technique  uses  an  oscillator-amplifier  combination,  and  the  Raman  medium 
is  typically  a  gas  such  as  hydrogen  or  deuterium  at  a  pressure  of  a  few 
atmospheres.  In  preliminary  experiments  with  a  frequency- tripled  Nd:YAG  laser 
(355  nm),  energy  conversion  efficiencies  as  high  as  35  percent  was  obtained  for 
the  second  Stokes  order,  in  good  agreement  with  computer  simulations.  The 
laser  pulse  length  In  tnese  initial  experiments  was  very  short  (6  ns),  which 
limits  the  amplifier  efficiency  because  of  reduced  Raman  gain  at  the  leading 
ar.d  trailing  edges  of  the  pulse.  For  longer,  nearly-rectangular  pulses,  and 
flat-topped  beam  profiles  as  obtained  with  large  Fresnel  number  unstable 
resonators,  conversion  efficiencies  approaching  the  quantum  limit  should  be 
possible  for  second  and  third  order  converters. 

During  the  experimental  investigation  of  the  new  scheme,  the  pump  laser  band¬ 
width  was  found  to  have  a  major  effect  on  the  amplifier  gain.  A  comprehensive 
analytical  model  has  been  developed  which  explains  these  observations  in  terms 
of  the  interference  between  the  various  longitudinal  modes  of  the  pump  and 
Stokes  waves.  In  addition,  a  gain  enhancement  technique,  which  increases 
broadband  gains  to  the  value  observed  for  monochromatic  pumping,  has  been 
proposed  and  demonstrated.  This  new  technique  eliminates  the  necessity  for 
injection-locking  the  pump  laser  in  those  cases  where  a  narrow  bandwidth  is  not 
necessary  for  other  reasons.  For  the  Navy  application,  injection-locking  will 
probably  be  necessary  in  order  to  maximize  the  slgnal-to-nolse  ratio  of  the 
receiver.  Experiments  with  an  Injection-locked,  spectrally  narrowed  XeCI 
laser  are  in  progress. 
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Nd:YAG  THIRD  HARMONIC  (355  nm)  PUMPING  EXPERIMENT 
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EXCIMER  LASER  ENGINEERING  DEVELOPMENT  AT  1.ASL 


by 

Phillip  N,  Mace,  AP-1 

Los  Alamos  Scientific  Laboratory,  University  of  California 
Los  Alamos,  New  Mexico  87545 


The  Molecular  Laser  Isotope  Separation  program  under  devel¬ 
opment  in  AP-Division,  Los  Alamos  Scientific  Laboratory,  requires 
development  of  XeCfc  laser  systems  having  specifications  which 
differ  from  those  required  for  the  Blue-Green  Strategic  Communi¬ 
cations  Program  satellite  based  laser  only  in  energy/pulse  and 
pulse  repetition  rate.  There  is  thus  clearly  a  high  degree  of 
overlap  in  the  critical  technology  issues  which  must  be  addressed 
in  order  to  be  able  to  design  efficient,  long-life  laser  systems. 
Two  areas  are  presented  in  this  discussion;  development  of  clean¬ 
up  systems  for  XeCf.  closed  loop  lasers  and  predictions  of  future 
clean-up  system  requirements,  and  work  underway  to  develop  re¬ 
liable,  long-life  pulse  power  components  meeting  voltage,  peak 
current,  and  dl/dt  requirements  of  discharge  pumped  excimer 
lasers.  Other  key  technology  issues  which  will  be  mentioned  but 
not  discussed  in  detail  include  flow  system  and  acoustic  atten¬ 
uator  design,  discharge  electrodynamics,  laser  kinetics  and  PFN 
design,  preionization  techniques,  optical  system  design,  optical 
damage,  and  advanced  component  concepts. 
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APl-VG-21 23A 


RECENT  PROGRESS  IN  THYRATRON  DEVELOPMENT 

•  KEY  SPECIFICATIONS  ACHIEVED  IN  ONE  TUBE 

-  50  kV  OPERATING  VOLTAGE 

-  20  kA  PEAK  CURRENT 

-  >101J  A/s  DI/DT 

•  NO  FUNDAMENTAL  PHYSICS  DISCOVERED  WHICH  WILL  LIMIT  ULTIMATELY 
REACHING  LIFE  OF  >10,000  HOURS 
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THYRATRON  LIFE 

•  CATHODE  -  THERMAL  EVAPORATION  RATE  OF 
CATHODE  COATING 

•  RESERVOIR  -  GAS  CLEANUP  RATE 

•  MECHANICAL  -  SEAL  FAILURE  {OFTEN  ACCIDENTAL) 
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DEMONSTRATE  FULL  POWER  OPERATION 
UNDER  DESIGN  THERMAL  LOAD 


CAPACITOR  DEVELOPMENT 
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THE  LASL  HIGH  PULSE  RATE  PULSED  POWER  DEVELOP¬ 
MENT  PROGRAM  IS  UNIQUE  IN  THE  NATION 


FOR  LIFETIME,  RELIABILITY  AND  MAINTAINABILITY. 


OPERATING  VOLTAGE  50-100  kV 
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UNWICKED 


Capacitor  Tests  Include 
Development  of 
New  Diagnostic  Aids 


ESR 

(25  ohms/div) 


Measurement  of  Equivalent 
Series  Resistance  (ESR)  During 
Test  Gives  information  on 
Failure  Time 
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PERCENT  FAILURE 


RECENT  RESULTS  FROM  CAPACITOR  TESTS 


FAILURE  RELATIONSHIP  TO  VOLTAGE  STRESS  GIVES 
A  PREDICTIVE  CAPABILITY  OF  TIME-TO-FAILURE 
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UV  OPTICAL  DAMAGE  TESTS 
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RARE  GAS  HALOGEN  LASER  MODEL 


Strategic  Blue-Green  Optical  Communications  Program 


Annual  Technical  Interchange  Meeting  25-27  March  1930 


Abstract  For 

UTRC  Blue/Green  Laser  Research 
R.  T.  Brown  and  W.  L.  Nighan 

Over  the  past  two  years  UTRC  has  been  carrying  out  a  theoretical  and 
experimental  investigation  of  e-beam  assisted  XeCl(B)  laser  discharges1. 
Primary  attention  in  this  investigation  lias  been  focused  in  two  areas:  (1) 
development  of  techniques  to  enhance  discharge  stability,  and  (2)  identifica¬ 
tion  and  evaluation  of  conditions  compatible  with  high  discharge  :  e-beam 
energy  enhancement .  The  principal  results  of  this  study  relevant  to  e-beam 
discharge  excitation  of  the  XeCl(B+X)  laser  will  be  presented. 

Theoretical  and  experimental  investigations  of  the  HgBr  (B) /HgBi'2  dissocia 
tion  laser  are  also  underway,  with  particular  attention  directed  toward  e-beam 
controlled  discharge  excitation"^.  Basic  kinetic  processes  related  to  HgBr(B) 
formation  in  this  laser  will  be  discussed. 


*  Supported  in  part  by  NOSC  under  Contract  N00014-78-C-U830  and  by  ONR  under 
Contract  N00014-76-C-0847 . 

1  Vi.  L.  Nighan  and  R.  T.  Brown,  Appl .  Phys.  Lett.  (April  1,  1980). 

2  W.  L.  Nighan,  Appl.  Phys.  Lett.,  3_6,  173  (1980). 


United  Technologies  Research  Center 
Silver  Lane,  MS  92 
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W.L.  Nighan  —  Hgl3r(B)/HgBr2  results 
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Measured  XeCf^  Laser  Characteristics 
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discharges  having  properties  compatible 
with  Navy  requirements 


489-505  nm  HgBr(B)/HgBr2 
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Other  mixtures,  e.g.,  Xe/HgBr2 


Fractional  Electron  Power  Transfer 
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CURRENT  DENSITY  AND  E/n  VARIATION  FOR 
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GAIN,  HgBr(B)  FORMATION  EFFICIENCY  AND 
ENERGY  DENSITY  FOR  FAST-PULSE 
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DISCHARGE  AND  LASER  PROPERTIES  IN  AN 
ELECTRON-BEAM  CONTROLLED  HgBr(B-X) 
LASER  DISCHARGE:  N2  MIXTURE 
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DISCHARGE  AND  LASER  PROPERTIES  IN  AN 
ELECTRON-BEAM  CONTROLLED  HgBr(B-~X) 
LASER  DISCHARGE:  Xe  MIXTURE 
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MERCURY  BROMIDE  LASER  SCALING  APPROACHES 
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DISCHARGE  EXCITED  HgBr  USE 
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MSNW  MERCURY  BROMIDE  KINETICS  CODE 
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ENERGY  FLOW  IN  THE  DISCHARGE  EXCITATION  OF  Ne/N2/HgBr2  MIXTURES 


GROUND  STATE  I  |HgBr 


IONIZATION 


MSNK  MODEL  PREDICTIONS  OF  HgBr(B~X>  SMALL  SIGNAL  GAIN 

N,/Ne/HgBr,  =  10/90/0.23 


I 
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MSNW  MODEL  PREDICTIONS  Or  HgBr(B-X)  SMALL  SIGNAL  GAIN 

Ne/Hg8r?  =  100/0.23 


CALCULATED  LASER  OUTPUT  AND  SIDELIGHT  FLUORESCENCE 
FOR  10  PERCENT  N2  HgBr  LASER  WITH  50  PERCENT  FEEDBACK 
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UV  PRE IONIZATION  METHODS  CURRENTLY  UNDER  INVESTIGATION 


DIAGNOSTIC  TRACES  OF  HSNW  X-RAY  PREIONIZED  XeCl  DISCHARGE  LASER 


HhHhs 
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MSNW  UV  PREICNIZED  XeCl  USER  PERFORMANCE 


HgBr  laser  scaling  status 


TITLE:  PARAMETERIZATION  STUDIES  OF  HgBr  USERS 

CS  LIU 

SPONSOR:  NOSC  (MONITORED  BY  ONR) 

CONTRACT  PERIOD:  MARCH  1980  -  OCTOBER  1980 

(8-MONTHS) 


Westinghouse  R&D  Center 
1310  Beulah  Road 
Pittsburgh  PA  1 5235 
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PARAMETERIZATION  STUDIES  OF  HgB*  LASERS 


During  t  he  past  several  years,  mercury  bromide  has  shown  great 
prowls,  ,ts  a  high  elflelencv,  high  energy  tunable  laser  In  the  blue- 
green  region  ot  the  spectrum.  l.aslng  In  this  medium  has  been  deroon- 
strt!  id  using  .1  number  of  excitation  techniques;  optical  pumping, 
h-benn,  l-beum  sustained  discharge,  and  self-sustained 
discharge.  Ttu-  most  promising  technique  thus  far  seems  to  be  a  UV- 

p  re  i  on  i  .ted  so  1 1 -susta  1  tied  discharge,  which  has  demonstrated  energies  of 
■rloo  niJ,  and  jtf  1  f  ic  iencles  of  •''l  percent. 

Although  there  has  been  some  speculation  about  the  details  of 
the  excitation  and  lasing  kinetics,  optimization  of  this  laser  system 
sir’,  depends  on  empirical  parameterizat  ions .  Optimization  studies  made 
to  date  were  limited  by  the  apparatus  available.  A  number  of  Important 
questions  remain:  for  example,  the  Independent  effect  of  temperature 
and  ot  HgBrn  density,  and  the  effect  of  buffer  gas  density  on  laser 
Kinetics  and  discharge  characteristics. 

Attempts  to  establisn  parameters  for  a  number  of  variables  in 
t he  meicury  bromide  system  have  been  severely  limited  in  range.  Buffer 
gas  pressures  have  extended  up  to  v>l  aroagat,  with  temperatures  up  to 
■c.’ >1‘IC  and  HgBi  ,  densities  to  ^  *  lO^/cm*.  This  range  of  parameters 
I’.tx  been  determined  basically  by  the  type  of  apparatus  used:  that  is, 
0-ring  seals,  simple  Pyrex  structures,  and  stainless  ateel  electrode 
materials.  The  density  of  HgBrj  has  been  adjusted  by  varying  the  _t.<vrvi- 
pe rat ure  ol  the  laser  tube;  thus  the  gag  temperature  and  the  HgBr2 
density  were  not  Independent  variables.  Both  the  temperature  and 
pressure  affect  the  laser  kinetics,  through  the  collision  rates,  for 
instance.  In  addition,  the  buffer  gas  density  affect#  the  discharge 
characterise  ios  by  changing  both  the  E/N  and  the  glow  voltage.  As  the 
length  of  the  discharge  region  Is  increased  to  produce  larger  volumes, 
the  discharge  impedance  decreases;  it  would  be  advantageous  to  Increase 
the  impedance  by  increasing  the  buffer  gas  density. 

ideally,  the  buffer  gas  density,  temperature,  and  energy  loading 
would  be  varied  independently,  so  as  to  optimize  the  performance  of  the 
HgHr  laser.  We  have  available  at  Westlnghouse  an  apparatus  which  will 
enable  us  to  make  measurements  over  the  required  parameter  range. 


PROGRAM  OBJECTIVE: 

PROGRAM  TASKS:  1. 


2. 


3. 


TO  OPTIMIZE  THE  USER  PERFORMANCE  OF 
HgBr  SYSTEMS 

OPTIMIZE  THE  PERFORMANCE  OF  A  HgBr  USER 
BY  VARYING  THE  BUFFER  GAS  SPFCIES  AND 
PRESSURE  (UP  TO  10  ATM) 

DETERMINE  THE  OPTIMUM  VAPOR  DENSITY  OF  THE 
HgBr2  FOR  THE  BEST  PERFORMANCE  OF  A  HgBr 
USER 

DETERMINE  THE  OPTIMUM  OPERATING  TEMPERATURES 
FOR  HgBr  USERS  (UNDER  SUPER-HEAT  CONDITIONS) 


LASER  DISCHARGE  TUBE  REQUIREMENTS: 

1.  PRESSURE  CAPABILITY:  UP  TO  10  ATM 

2.  TEMPERATURE  CAPABILITY:~300‘C 

3.  CHEMICAL  INERTNESS:  SEALED  OFF  QUARTZ-HOLY  TUBES 


'i* 


i 


*T» 

gp  ,>*$ 

Figure  3  —  Spectroscopic  apparatus  designed  to  Measure 

the  fluorescence  and  absorption  of  pulsed  Hglr 
discharges ■ 
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TlHg  EXCIMER  LASER 


User  Medium:  H«  ♦  Tl 
Temperature:  900*C 
Pressure:  %  4  atm 
Mercury  Density:  3  x  10^  cm"^ 

Thallium  Density:  *  10^  cm“* 

Discharge  volume:  0.5  x  1.0  x  8.0  •  4  cm^ 

Peak  Current:  50  A 

Peak  Current  Density:  12,5  A  cm"* 

Current  Pulse  Width:  x  100  ns  fwhm 
Capacitor  Charge  Voltage:  15  kV 
Glow  Voltage:  '12  kV  (est.) 


Fluorescence:  blue-green  emission  observed  visually 


(SItun  -oi»i  tosu*ui 
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3»  <X  4^0  900  (00 

Htviltnjth  (nm)  -  — » 

1-  Tuof-ntumfd  liuornctncf  (rcn  i  pull'd  f«»  di»clUf?»  In  li-Hj  «pert  MWC. 
iti  unrorrectedfer  5-20  ipf-ctril  mpone 


*5C 

KtUllvt  Kn*  inttnsltiu 


X  ••  458  nm 
920“C 


Absorption 


Hgflr^/HgBr  Dissociation  Laser 

E.  Schtmitschek 
Naval  Ocean  Systems  Center 
San  Diego,  CA  92152 

During  the  past  six  months,  work  was  performed  to  increase  the  pulse 
energy,  and  the  repetition  rate  and  to  characterize  gain  and  extraction  efficiency 
at  wavelengths  within  the  B-*X  transition  region. 

To  date,  the  following  results  were  obtained: 

1)  a  1.2  liter,  UV-preionized  HgB^/HgBr  discharge  laser  device  has  been 
constructed,  with  a  driver  energy  of  up  to  100  Joules.  Initial  testing  will 
begin  in  May  1980;  the  goal  is  to  extract  up  to  1  Joule  of  laser  energy 

3 

2)  a  60  cm  ,  UV-preionized  HgB^/HgBr  discharge  laser  was  built  with  an 
interval  cross-flow  blower.  This  device  was  successfully  operated  up  to  100  pps 
with  no  drop-off  in  pulse  energy.  The  pulse  energy  measured  so  far  is  30  mJ. 
Optimization  now  performed  should  bring  the  pulse  energy  up  to  50  mJ.  At  that 
point,  self-heated  operation  will  begin. 

3)  gain  has  been  measured  as  function  of  wavelength  and  N2  partial  pressure. 
Narrow-band  extraction  between  490-505  nm  will  be  undertaken  by  injection-locking 


with  a  tunable  dye  laser. 


HgBr  /HgBr  DISSOCIATION  LASER  EFFORTS  AT  NOSC 
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HgBr^/HgBr  CRITICAL  ISSUES 


REPETITION  RATE 


< 

3 


FLUORESCENCE  INTENSITY  (RE 


950  torr  Ne 
uj  50  torr  N2 

p  2.3  torr  HgBr2  (155°C) 


A(nm) 


Gain  and  fluorescence  profile  of  the  HgBr  B  —  X  transition. 
Conditions  as  indicated. 


IIO 


(%/cm) 


Nz  PART/AL  PRESSURE.  (TORR) 
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BLUE-  GREEN  OPTICAL  CONVERSION  OF  XeF* 
(  DARPA  /ONR  ) 


RICHARD  HEINRICHS* 
HOWARD  HYMAN 
IRVING  ITZKAN 
DANIEL  TRAINOR 


t  SUPPORTED  BY  AERL  IRAD  UNDER  AERL/MIT 
COOPERATIVE  PROGRAM 


03961 


AVCO  Everett  Research  Laboratory  Inc 
2385  Revere  Beach  Parkway 
Everett  MA  02 1 49 


^0. AVCO  EVERETT 
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EFFICIENT  CONVERSION  OF  XeF*  RADIATION 


TO  THE  BLUE-GREEN  THROUGH  SRS* 


This  presentation  discussed  the  generation  of  blue-green 
laser  radiation  (X~470nm)  utilizing  the  technique  of  Stimulated 
Raman  Scattering  (SRS)  of  XeF*  laser  photons  in  molecular  gases. 

Our  specific  approach  involves  sequential  1st  Stokes  conversion 
through  two  separate  steps  in  H2  and  D2. 

The  short  pulse,  low  energy  experiments  were  performed  with 
a  Lumonic  Exciplex  Laser  (model  TE-261) .  To  achieve  high  laser 
flux,  it  was  necessary  to  alter  the  supplied  optics  to  include 
Brewster  windows  and  an  unstable  cavity.  In  this  modified 
configuration,  typical  output  for  XeF*  was  10-20  mj  in  6  nsec 

which,  when  focussed  by  a  50  cm  f.L.  piano  convex  lens,  provided 

9  2 

-3  x  10  watts/cm'. 

Our  high  pressure  hydrogen  cells  are  constructed  from  two--inch 
diameter  steel  shock  tube  sections  of  approximately  40  cm  path  length. 
These  cells  are  fitted  with  high  grade  optical  quality  UV  quartz 
windows  to  allow  the  pump  beam  to  enter  and  the  resulting  stimulated 
Raman  emission  to  exit. 

To  date,  we  have  performed  stimulated  Raman  scattering 
experiments  whereby  XeF*  laser  photons  (351  and  353  nm)  have  been 
efficiently  converted  to  longer  wavelengths  using  molecular  hydrogen. 
For  example,  we  have  observed  1st  Stokes  energy  conversion  in  a 
simple  one  pass  configuration  of  -44%,  with  peak  power  efficiencies 
of  near  66%.  This  single  pass  one-step  conversion  to  411  and  414  nm 
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in  hydrogen  has  been  characterized  with  respect  to  gas  pressure, 
laser  intensity,  and  active  cell  length.  These  quantitative 
experimental  observations  are  in  reasonable  agreement  with  theore¬ 
tical  expectations. 

Experiments  on  the  second  step  of  the  two-step  Raman 
conversion  processes  showed  us  to  be  intensity  limited.  Experiments 
to  test  the  approach  were,  therefore,  performed  with  KrF  and  showed 
>70%  pump  depletion.  Recently,  experiments  were  performed  with  a 
0.6J,  400  nsec  laser  in  single  step  conversion  utilizing  H2-  These 
results  showed  -35%  conversion  of  XeF*  radiation  to  1st  Stokes  at 
413nm  in  good  agreement  with  our  expectations.  This  work  is  in 


progress . 


BLUE -GREEN  OPTICAL  CONVERSION  OF  XeF* 


MOTIVATION 

•  PROVIDE  >  1%  EFFICIENT  BLUE -GREEN  LASER  FOR  GROUND 
BASED  SUBMARINE  COMMUNICATION  MISSION 


GOAL 

•  DETERMINE  FEASIBILITY  OF  UNIQUE  TWO  STEP  MOLECULAR 
RAMAN  APPROACH  TO  MEET  EFFICIENCY  REQUIREMENT 

•  DEMONSTRATE  RAMAN  CONVERSION  TO  THE  BLUE -GREEN 
UTILIZING  A  1  TO  10  J  ONE  METER  XeF*  LASER  AS  A  PUMP 

J3962 


^Z7AVCO  EVERETT 
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RELATIVE  SEAWATER  TRANSMISSION  (%> 
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ONE  STEP  XeF/H2  CONVERSION  EFFICIENCIES 


E,n  (mJ) 

9.6 

eout  <mJl 

4.2 

CS,) , 

ENERGY  EFF  (%) 

44 

POWER  EFF  {%) 

66 

POWER  PHOTON  EFF  (%) 

76 

J3960 
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PROGRAM  STATUS 
(  MARCH  1980) 


SMALL  SCALE  EXPERIMENTS  (  <  40  mJ,  ~  6  nsec) 

•  ONE  STEP 

-  EFFICIENT  1ST  STOKES  CONVERSION  IN  H2  (66%) 

•  TWO  STEP 

-  XeF/H2/H2  (EFF  *  29%  -  PUMP  POWER  LIMITED) 

-  KrF/D2/H2  (  >70%  DEPLETION  OF  S^D^  IN  H2  CELL) 

ONE  METER  DEVICE  EXPERIMENTS  {  >  1  J,  0.4  fi  sec) 

•  ONE  STEP 

-  XeF/H2  (IN  PROGRESS) 

J3963 
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TWO  STEP  Krlr/D2/H2  RAMAN  CONVERSION 
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LONG  PULSE  LENGTH  XoF*SRS  EXPERIMENT  (  H2) 


25  atm  h2 
50  cm  f  I  LENS 
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SCALING  STUDIES  OF  EFFICIENT  RAMAN  CONVERTERS 


E.  A.  STAPPAERTS,  H.  KOMINK,  J.  B.  WEST,  W.  H.  LONG,  JR. 

NORTHROP  CORPORATION 
NORTHROP  RESEARCH  AND  TECHNOLOGY  CENTER 
One  Research  Park 
Palos  Verdes  Peninsula  CA  V0274 

ABSTRACT 

A  program  ot  analytical  and  experimental  investigations  has  been 
initiated  recently  with  DARPA  sponsorship  to  study  the  scalability  of  molecular 
Raman  converters  for  the  ground-based  blue-green  source.  Based  on  existing 
data,  preliminary  design  parameters  are  obtained  for  a  Raman  oscillator- 
amplifier  system  which  converts  the  XeF  laser  wavelengths  into  blue-green. 
Thermal  effects  in  Raman  amplifiers  are  discussed  together  with  gas  flow 
characteristics  needed  for  good  beam  quality. 

The  primary  laser  optical  requirements  with  respect  to  Raman  converter 
design  are  discussed  in  terms  of  spatial  and  temporal  uniformity,  beam 
divergence,  and  spectral  characteristics.  A  series  of  experiments  at  an 
intermediate  energy  range  (20-50J)  will  address  various  scaling  issues 
including  spectral  narrowing  of  the  primary  laser  and  Raman  conversion 
efficiency. 
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Palos  Verdes  Peninsula,  Cal  ifornia  90274 
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RAMAN  AMPLIFIER  FLOW  SYSTEM  CHARACTERISTICS 
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Ground  Based  Xe  Cl-Pb  Blue  Green  Source 


N.  Djeu 

Naval  Research  Laboratory 
Washington,  D.  C.  20375 

ABSTRACT 

The  Pb  vapor  Raman  converted  XoCl  laser  is  a  potential  candidate 
for  a  ground  based  blue-green  strategic  communications  system.  In  addition 
to  having  an  intrinsic  efficiency  of  6%,  the  e-beam  pumped  Xe  Cl  laser 
can  deliver  high  energy  pulses  in  a  narrow  bandwidth.  Coupled  with  high 
efficiency  for  Raman  conversion,  the  overall  system  should  be  capable 
of  producing  the  required  power  at  the  specifiec  efficiency  and  output 
bandwidth. 

In  earlier  experiments  high  conversion  efficiency  (~50%)  was  observed 
with  short  (~20nsec)  Xe  Cl  laser  pump  pulses.  Here  we  report  the  effi¬ 
cient  conversion  of  400  nsec  long  x.eCl  pump  pulses.  With  an  oscillator- 
amplifier  configuration,  an  initial  XeC  1  pulse  of  200  mJ  produced  80  mO 
in  the  blue-green,  giving  an  energy  conversion  efficiency  of  40%.  Scale- 
up  demonstrations  at  the  10  J  level  will  be  pursued  jointly  by  NRL  and 
Maxwell  Laboratories  in  the  near  future. 

The  question  concerning  the  acoustic  waves  set  up  by  the  de-excitation 
of  metastable  Pb  atoms  has  been  examined  through  some  order  of  magnitude 
calculations.  The  results  show  that  the  amplitude  of  the  initial  pressure 
waves  has  a  quadratic  dependency  on  the  rate  of  heat  release.  To  obtain 
a  realistic  assessment  of  the  magnitude  of  the  acoustic  waves  in  the  Pb 
vapor  cell,  one  must  know  the  rate  of  electronic  quenching  in  Pb  as  well 
as  the  mechanical  impedance  of  the  wall  material. 
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TEMPERATURE  MODIFICATION 
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E-BEAN  PUNPED  XeCI  LASER 
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PHOTON  TRANSPORT  IN  SRS 
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CONCLUSIONS  FROM  LONG  PULSE 
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SCALING  TO  10  J  XcCl  POMP 
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Presented  at  the  Fourth  Strategic  Blue-Green  Laser  Communication 
Meeting,  San  Diego,  CA  March,  1980 
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PHOTOLYTICALLY  PUMPED  XeF(C-A) 
BLUE-GREEN  LASER  DEVELOPMENT 

Presented  by  D.  J,  Eckstrom 

Background  and  Review 

Summary  of  Supporting  Kinetics  Experiments 
New  Measurements 

Fluorescence  Spectrum  and  Intensities 
Gain/Absorption  Results 
New  Laser  Experiments 

Conclusions  and  Status 

Scale-up  Design 

Open  Discharge  Photolytic  Pumping  Concept 
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SCHEMATIC  XeF  POTENTIAL  CURVES 
SHOWING  B  1/2  -  C  3/2  SPLITTING 


INTERNUCLEAR  SEPARATION  (A) 


SA-4685-39R 


V. 

4: 


i- 

& 


■ 


XeF(C-A)  LASER  DEMONSTRATIONS 


Photolytic 

Bischel,  et  al. 

A.  P.  L.  34,  565  (1979) 

SRI 

Zuev,  et  al. 

Lebedev  Inst. 

Powell,  et  al. 

ILL 

Discharge 

Burnham 

A.P.L.  35,  48  (1978) 

NRL 

Fisher,  et  al. 

A.P.L.  35,  26  (1979) 

MSNW 

E-Beam 

Ernst  and  Tittel 

A.  P.  L.  35 ,  36  (1979) 

Rice  U. 

Why  Photolytic? 

-  No  electrons 

-  Favorable  C/B  population  ratio 

-  No  ionic  absorbers 

-  Clean  excitation,  simplified  kinetics 
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FACE  PLATE 
ROGOWSKI  COIL 

CELL  ROGOWSKI 
COIL 

FOIL 


HIBACHI 

SUPPORT 

STRUCTURE 


ITT  F4115  PHOTODIODE 
CALIBRATED  AT 
jl/'STANFORD  UNIVERSITY 


APERTURE  TO  DEFINE 
SOLID  ANGLE 


MgF,  WINDOW 

APERTURE  TO  DEFINE 
EMITTING  VOLUME 

GAS  CELL 

VALIDYNE  DPI 5 
PRESSURE 
TRANSDUCER 


SAPPHIRE  WINDOW 


SA-6930-4fl 
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FLUORESCENCE  EFFICIENCIES 

FOR  E-BEAM  PUMPED  XENON 

“1 - 1 — i — rT-rr  i  ] — 

op  *  0. 5  atm 
a  p  *  I  atm 
a  p  «  2  atm 
op  *  3  atm 
-  kinetic  model 


A 


Local  Pump  Rate~W/cm 


XeF (C  -A)  LASER  ISSUES  -  1979 


KINETICS  ISSUES 

XeF2  Absorption  Cross  Sections 
Excited  State  Quantum  Yield 
XeF(C)  Lifetime,  Quenching,  Mixing 


LASER  CHARACTERIZATION 

Fluorescence  Intensities  (Band  C)  and  Spectrum 
B/C  Laser  Competition 
Quenching  (XeF^,  F) 

Gain  Cross-sections,  Calculated 
Electron  mixing  effects  (photoionization) 

Gain /Absorption 

Background  Absorptions  (extraction  efficiency) 

Laser  Demonstrations 
Time  Histories 
B  / C  Competition 
Absorptions 
Tunability 
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OVERLAP  BETWEEN  XeF,  ABSORPTION  AND  Xe,*  FLUORESCENCE 


QUANTUM  YIELDS 


i  * 

Measurements  normalized  to  OrS)  from  N20 
(in  presence  of  Xe) 

B  state 

-  +0. 

QY  -  0.9  _0#  2 

Constant  145  nm  <  x  <  175  nm 
C  state 

QY  -  0.08  ±  0.02  at  157.5  nm 
Decreases  by  — 40%  between  146  and  172  nm 
(Previous  work  QY(C)  <0. 1  QY(B)] 

D  state 

QY  -  0.028  4  0.  005  at  155  nm 

Decreases  by  factor  of  at  least  2  between 
155  and  165  nm 

*G.  Black,  R.  L.  Sharpless,  T.  G.  Slanger, 
and  D,  C.  Lorents,  J.  Chem.  Phys.  62_,  4266 
(1975) 
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SUMMARY  OF  MEASURED  RATES  FOR  XeF* 


Radiative  Lifetimes 

C  state:  Tq  ■  10!  +  5  sec 

B  state:  Tg  *  1 3.  3  ±  0. 2  sec 


Quenching  /  B-C  Mixing 


Quenching 

Mixing 

^SsRate 

GasS^ 

B  State 
(cm3/sec> 

C  State 
(cm3/sec) 

B—C  (cm3 /sec) 

Xe  f2 

7.  4x1 0 0 

4.75xl0'10 

— 

Ar 

— 

7+7xl0"15 

1. 4  +  0.  2 x  1 0 ” 1 1 

n2 

— 

<2.  5x1 0 _l 4 

5.  7±0.  3x1 0-1 1 

SF6 

— 

<9xl0”14 

8  +  lxlO'11 

Xe 

1.  9x1 0 _l 0 

l.SxlO'10 

388 
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I 

■ 

I 

I  E-BEAM 
PARAMETERS 

I 

1 

1 

\ 

1 

1 

|  FLUORESCENCE  *< 

I 

I 

I 

I 

GAIN 

g  MEASUREMENT 

I 


TYPICAL  DATA  SET 
2  torr  XjF,  30  psia  Ar 
Time  scale  -  0.2  tisie c/cm 


Voltage  *  350  kV 


Current  «  12  A/cm2 


UV 

340  <  X  <  360 

Fuv  *  1.2  X  1022  photons/cm3  sec 


Visible 
X  >  400  nm 

Fvi,  3  1.4  X  1022  photons/cm3  sec 


VUV 

X  <  250  nm 

P vyv  '  8  X  1023  photons/cm3  sec 
~  3  X  10s  W/cm2  on  tube 


—I 


X  “  501.7  nm 
0  g  -  5,8  X  10"3/cm 


SA-61 58-116 
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SIC  STATE  FLUORESCENCE  INTENSITY  RATIOS 


•  Intensity  ratio  from  kinetic  theory 


!!!!  .  +  _I_  A  +  (X e  F 2 1 

1(C)  Ac  kBC  kBC  [Rg]  \ 

Ab  «  7.  5x1 07 /sec.  Ac  •  9.9xl06 
k^  -  4.  75xl0“'°cm3/sec 

k  BC/k  CB  “  22’  8 


Argon  Buffer  KBq  •  I.3X10"11  cm3/sec 


1(B) 

1(0 


«  0.333  + 

IRgl 


No  Buffer 


kBC  “  5.7XI0"11  cm3/sec 


KB) 

1(0 


•  0.333  +  3^3 
IRgl 


-[  Rg  ]  in  units  of  PS  I A 
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BUFFER  GAS  PRESSURE 


FLUORESCENCE  RATIO  VERSUS  TIME 


Oliva  33N30S3bOnid 


<N 

I 

s 

< 

(A 


?92 


(srf)  3Wli 


EXPERIMENTAL  APPROACH 


•  Gain  cross  sect  Ion 

Og  -  in  H/l0)/L  N* 
where 

N*  -  fvjs  (#/cm3-sec)/A 
A  -  I 07 /sec 
L  •  100  cm 


#  Calculated  gain  cross  section 

_  .  A  X4  (IX) 

9  8ttc  / f  (X)  dX 
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FLUORESCENCE  SPECTRUM  WITH  ARGON  AND 


WAVELENGTH  (nm) 


SA-6158-1 


CALCULATED  AND  MEASURED  CROSS  SECTION 
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WAVELENGTH  (nm) 


CALCULATED  AND  MEASURED  CROSS  SECTION 
ARGON  BUFFER 


WAVELENGTH  (nm) 


LASER  SPECTRA 
(untuned) 


482  nm 


o  18  18  1«  12  10 

6s  3P0  -  nf  !j)i  —l  LI, ,.i  I l — I - 1 - 1 - 1_  »  n 

6s  3P°  -  7p  — J _ L _ — 1 _ 

6s  3 Pi  -  6p’  - 1 - 


—L, 

460 


_J _ l _ 

480 

X  -  nm 


500 

SA-61S8-U8 
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ENERGY,  eV 


PARTIAL  ENERGY  LEVEL  DIAGRAM  FOR  XeF2.  XeF.  AND  Xe 


16 


14 


12 


10 


■Xe+(2P1/2)  tFtF+e 


XeF2+  +  e 


L  XeF2(10og-7cu)^ 


rv 


XeF2(5iru  -  7 ou) 


X  *  172  nm 


X«F2(1E) 


X-  172  nm 


-XeF(D1/2)  +  F 

__^XeF(81/2)  +  F 
N  XeF  (C3/2)  +  F 

X  “  480  nm 


’XeF  (A3/2) 
XeF  (2I+)  +  F 


;  Xe"*’(2 P3/2 >  +  F  F  +  e 


Rydberg  Series  (460-500)  nm 

Xe+(2Pi/2> +  F  +  F’ 

Xe  (6s'  3P0)  +  F  +  F 
Xe+(2P3/2)  +  F  +  F“ 

Xe  <6s3p2)  +  F  +  F 


Xe  +  F  +  F 


SA-6158-94R1 
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CONCLUSIONS 


Gain /Absorption 

May  be  weak  background  continuum  absorption 
with  Ar  buffer 

No  background  continuum  absorption  with  N2  buffer 
Discrete  line  absorptions  suppressed  with  N2  buffer 

Photoionizat  ion 

Does  not  affect  intensity  ratios  at  low  pump  rates 
Discrete  line  absorptions  suppressed  with  N2  buffer 


Quenching 

Some  evidence  that  F-atom  quenching  is  important 
B  /  C  Compet  it  ion 

No  B  -  X  lasing  observed  in  these  experiments 


T  u  nabil  ity 


Demonstrated  lasing  from  454  to  525  nm 


STATUS 


Kinetics  Issues 

Quenching  of  XeF*  by  F  atoms  and  electrons 
Photoionization  cross  sections  forXeF*  near  170  nm 

Laser  Issues 

Coupling  of  VUV  to  laser  medium  (spatial  and  spectral) 

Energy  extraction  from  medium  with  spatial  and 
temporal  nonuniformities 

Competition  from  B-X  superfluorescence 

Systems  Issues 

Recycling  of  XeF2^N2  mixture 

Laser  tuning  and  frequency  narrowing  to  match 
detector  characteristics 


5  cm 


E-Beam  Diode  Chamber 
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FIGURE  SRI  LARGE  APERTURE  PHOTOLYTICALLY  PUMPED  LASER 


The  Xe2CI  Blue-Green  Laser 
the  first  of  a  new  class  of  lasers  based 
on  the  trlatomlc  rare  gas  halides 


K.  Y.  Tang  and  D.  L.  Huestis 
Molecular  Physics  Laboratory 
SRI  International 
Menlo  Park,  CA  94025 


DISCOVERY  OF  THE 
TRIATOMIC  RARE  GAS  HALIDES,  Rg2X 


•  Companion  Emission  in  RgX  Laser  Media 

ArF  (193  nm)  -  Ar2F  (290  nm) 

KrF  (248  nm)  -  Kr2F(400  nm) 

XeCI  (308  nn)  -  Xe2CI  (490  nm) 

•  Products  of  Interception  and  Quenching 
Rg2*  +  x2  — ►  Rg2x*  +  X 

RgX*  +  2Rg  — ►  Rg2X*  +  Rg 
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8A41M-41 


7lQure  k 


410 


25 


I 

& 


20 

15 

10 

5 

0 


s 


-10 

-15 

-20 

-25 


■  f  •  ■ *  1  t  .  BK 

nBMHS 

m 

TIME  (10  nwc/di vision) 


TA-UQU2-4S 


Weaker  gain  also  observed  at  488  and  498  nm. 
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.  K.  Tittel,  W.  L.  Wilson.  R.  E.  Stickel,  G.  Marowsky  and  W.  E.  Ernst 


WAVELENGTH,  nm 


I 


Summary  of  Rg2X  Laser  Study 

Status 

•  Spectroscopy  - 

Most  Rg2X*  Emission  Observed 
Electronic  Structure  Understood 

•  Kinetics  - 

High  Production  Efficiency  Verified 

•  Laser  - 

Gain  Observed  in  Xe2CI 
Self -absorption  not  Important 
Laser  Action  of  Xe2Cl  Achieved  via 
Direct  e-beam  Excitation 

Current  Xe2CI  Laser  Work  at  SRI 

•  Small  Scale  Laser  Demonstration  via  Incoherent 

vuv  Photolytic  Pumping 

•  Detailed  Understanding  of  the  Kinetics 


fKECiDIivG  FAGS  BLANK-MOT  FILMED 


XeCl  LASERS  FOR  BLUE-GREEN  CONVERSION 
J  Asmus 


Maxwell  Labs 
8835  Balboa  Avenue 
San  Diego  CA  92123 


'  ^ 


Upper  Trace  Electron  beam  voltage,  88  KV/div,  200  ns/div 
Lower  Trace  Electron  beam  current,  27.4  KA/div,  200  ns/div 


Laser  loaded  fluorescence,  200  ns/div 
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BEAM  PATTERNS  vs  GUIDE  FIELD  STRENGTHS 


"'•T.'"  •  ••  _  -  ,  . 


ij !  liii  .iiilli’;  Wli  i|i!i^ 

•MS!-;:. 

r  -v  . 

Fir  ^MiMrair  ..niiT#  ■* 


BEAM  ROTATION 


4/13-3 
NO  FIELD 
5-BLADE  CATHODE 
45kV 


4/4-7 

278  GAUSS  GUIDE  FIELD 
5-BLADE  CATHODE 
45kV 


4/13-4 

436  GAUSS  GUIDE  FIELD 
5-BLADE  CATHODE 
45kV 


4/17-2 

436  GAUSS  GUIDE  FIELD 
SKEWED  CATHODE 
4  5  k  V 


BLADE  ENDS  8I.A0E  ENDS 
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2  3  4 

Pressure  (Torr  HC1) 


20  30  40  50  60  70 

Pressure  (Torr  Xe) 
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e-beam  to  no  liter  laser  interface 


ELECTRON  ORIFT  REGION  GUIDE  FIELD  COILS  INFRARED  HEATING  PANELS 
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LASER  GAS  DEGRADATION 


e-beam  to  40  liter  laser  interface 


ELECTRON  DRIFT  REGION  GUIDE  FIELD  COILS  INFRARED  HEATING  PANELS 


INFRARED  HEATING  PANEL 
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CARBON  FELT  CATHODE  WITH  2  DIMENSIONAL  E-BEAM 
NEUTRALIZATION  (ONE“KALF  OF  20CM  X  2  METER  E'BEAM) 
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CARBON  FELT  CATHODE  WITH  3  DIMENSIONAL  E-BEAM 
NEUTRALIZATION  (ONE“HALF  OF  20CM  X  2  METER  E-BEAM) 
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XeF  formation  kinetics 


90  03699 


XeF  formation  kinetics 


XeF*  (B-X)  POWER  EXTRACTION 
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SUMMARY  OF  XeF  (OA)  GAIN/ABSORPTION  DATA 


TEMPORAL  DEPENDENCE  OF  XeF(C-A)  USER  EMISSION 
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TEMPORAL  DEPENDENCE  OF  XeF(C-A)  STIMULATED  EMISSION 
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E-BEAJI  EXCITED  XeF(C-A)  USER  AND  FLUORESCENCE  SPECTRA 


THE  CURRENT  STATUS  OF  COPPER  LASER  DEVELOPMENT 
RE  Grove 


Summary 

The  applicability  of  copper  vapor  lasers  to  many  military  and  indus¬ 
trial  problems  has  been  limited  in  the  past  due  to  a  lack  of  engineering 
development,  demonstration  of  high  average  power  operation,  or  scaling 
capability.  Recent  work  at  the  Lawrence  Livermore  Laboratory  has  changed 
considerably  the  outlook  for  copper  vapor  lasers.  A  copper  laser  system 
is  presently  nearing  completion  which  will  have  a  total  power  capability 
of  400  -  500  W  at  a  prf  of  6  kHz.  The  laser  system  has  already  demon¬ 
strated  single  aperture  powers  from  individual  master  oscillator-power 
amplifier  chains  of  over  100  W  with  efficiencies  of  ^0.7  percent.  The 
individual  MOPA  chains  are  made  up  of  an  oscillator  and  five  amplifiers, 
and  produce  about  16  mj/pulse  at  6  kHz.  Both  the  laser  heads  and  their 
associated  electronics  have  been  engineered  to  achieve  a  high  degree  of 
maintainability  and  reproducibility. 

In  addition  to  this  successful  demonstration  of  the  use  of  copper 
lasers  in  a  MOPA  configuration,  recent  experiments  at  LLL  have  confirmed 
that  under  certain  operating  conditions,  volumetric  deactivation  of  the 
lower  laser  level  in  copper  can  be  achieved.  This  permits  simple  bore 
diameter  scaling  of  the  active  volume  of  a  copper  laser  and  thus  allows 
substantial  increases  in  both  the  pulse  energy  and  average  power.  A 
large  bore  copper  laser  with  a  7.3  cm  I.D.  has  recently  been  operated  at 
output  average  powers  of  55  W  at  5  kHz  (11  mj  per  pulse).  Based  on  ear¬ 
lier  experiments  at  General  Electric  Company  at  low  repetition  rates,  the 
pulse  energy  for  this  bore  diameter  is  expected  to  increase  by  about  a 
factor  of  three  as  the  prf  is  reduced  to  n/|  kHz. 

Finally,  recant  work  in  the  Soviet  Union  over  the  past  two  years  has 
resulted  in  the  achievement  of  energy  densities  of  about  500  uj/cm3 
using  transverse  discharges  and  extremely  high  copper  densities  ( ^1 0 1 7 
to  1018  per  cm3).  Attainment  of  specific  energies  around  this  value 
would,  of  course,  result  in  extremely  large  pulse  energies  in  small 
active  volumes.  However,  the  specific  energies  achieved  at  LLL  to  date 
in  engineered,  scalable  copper  laser  designs,  when  considered  in  the  con¬ 
text  of  simple  bore  diameter  scaling  and  efficient  MOPA  operation,  could 
result  in  copper  lasers  of  reasonable  size  which  have  the  pulse  energies 
and  other  performance  parameters  required  for  many  military  and  indus¬ 
trial  applications. 


Lawrence  Livermore  Laboratory 
PO  Box  5508 
Livermore  CA  94550 


COPPER  VAPOR  LASERS 


30-05-0380-1030 


Cu  amplifier 


30-01  1279-5092 


Cu  amplifier 


Cu  amplifier 


SIX  HEAD  MOPA  CHAIN  -  PERFORMANCE 
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30-05-1279-5115 


30-17-0280-0434 


CVL  -  OPERATION  IN  HELIUM  AND  NEON 
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30  05-0280-0439 


LARGE  BORE  CYLINDRICAL  LASER 


OSCILLATOR  PERFORMANCE 
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COPPER  VAPOR  LASER 
DEVELOPMENT  -  SUMMARY 
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DOWNLINK  LASER  CLOUD  PROPAGATION  EXPERIMENTS 
G.  R.  Hos tetter 

GTE  Sylvania 

PO  Box  188 

Mountain  View,  CA  94042 

During  the  months  of  August-September  1979  the  Downlink  Lase 
Cloud  Experiment  was  conducted  by  GTE  for  DARPA  and  the  Navy.  It 
was  designed  to  obtain  the  first  data  on  the  stretching  of  a  lase 
pulse  resulting  from  vertical  propagation  through  a  cloud  layer. 
The  pulse  stretching  data  is  needed  to  design  systems  that  can 
communicate  between  satellites  and  submarines  using  high  intensit 
short  pulse  lasers. 


SPONSORS-DARPA/NAVY 


TEST  SET-UP 


BARKING  SANDS  LASER  RECEIVER 

AND  RECORDING 
EQUIPMENT 


DATA  COL1  ECTION  AND  REDUCTION 
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CLOUD  GEOMETRIC  THICKNESS-  =  8000 FT 
OPTICAL  THICKNESS— TBD 


PULSE  SHAPE  DATA:  RUN  #129;  SEPT  7, 1:53  AM  (LOCAL  TIME) 
(DOWNLINK  LASER  CLOUD  EXPERIMENT) 
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PULSEWIDTH  (1/2  P0WER)-3  MICROSECONDS 
TIME  TO  PEAK-2  MICROSECONDS 
CLOUD  GEOMETRIC  THICKNESS- ^5000  FT 
OPTICAL  THICKNESS-TBD 


MEASURED  WIDTH 


WIDTH  PREDICTED  FROM  OPTICAL  THICKNESS  DATA  (/a SEC) 


Data  Analysis:  Pulse  Width-Predicted  Vs  Measured 
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Data  Analysis:  Pulse  Width-Predicted  VS  Inferred  From  Slope 
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WIDTH  PREDICTED  FROM  OPT  I  CAL  THICKNESS  DATA  (/xSEC) 
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ADDITIONAL  ANALYSIS 


Qj^gyiVANlA 


RECEIVER:  WITHIN  TRAILER 
(DOWNLINK  LASER  CLOUD  EXPERIMENT) 


CLOUD  FORMATIONS  AT  KAUAI  (3D SVUJANIA 


TEST  SITE 

(DOWNLINK  LASER  CLOUD  EXPERIMENT) 


GTE 


QUARTZ  AIR  TEMPERATURE  PROBE 
ANO  INTEGRATING  NEPHELOMETER 
AIR  INTAKE' 
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ASSP-100 


Instrumented  Cloud  Probe  Aircraft 


2-23 
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4i 


MT.  WAIALEALE,  KAUAI 

(DOWNLINK  LASER  CLOUD  EXPERIMENT) 
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PLOT  BOARD  PLOT,  LARGE  SCALE 
(DOWNUNK  CLOUD  EXPERIMENT) 


PLOT  BOARD  PLOT,  FINE  SCALE 
(DOWNLINKCLOUD  EXPERIMENT) 


Syfvania  Systems  Group 
Western  Division 
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AIRCRAFT  FLIGHT  PATH  ABOVE  SITE 
(DOWNLINK  LASER  CLOUD  EXPERIMENT) 


MONTHLY  SCHEDULE 
(DOWNLINK  CLOUD  EXPERIMENT) 


DATA  TAKING  OVERVIEW 

(DOWNLINK  CLOUD  EXPERIMENT) 
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DATA  ANALYSIS  PROCEDURE 
(DOWNLINK  CLOUD  EXPERIMENT) 


PULSE  SHAPE  PARAMETERS 
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Sytvanu  Systems  Group 
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Sylvania  Systems  Croup 
Western  Division 


MEASURED  WIDTH 


WIDTH  PREDICTED  FROM  OPTICAL  THICKNESS  DATA  (yxSEC) 


Data  Analysis:  Pulse  Width-Predicted  Vs  Measured 
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Data  Analysis:  Pulse  Width-Predicted  VS  Inferred  From  Slope 
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THE  TEMPORAL  AND  SPATIAL  SMEARING  OF  BLUE-GREEN  PULSES  IN  CLOUDS 


G.  C.  Mooradlan  and  M.  Geller 
NOSC 

The  time  history  of  large  diameter  (approximately  6  km)  blue-green  laser 
pulses  propagating  through  clouds  In  Kauai  was  measured  as  function  of  receiver 
field  of  view  (FOV).  Analyses  of  the  data  showed  that  the  transmitted  power  of 
each  pulse  could  be  represented  by  a  linear  combination  of  two  modified  Gamma 
functions:  P{t)  «  Ci  exp(-kit)  +  C2  (exp-kgt).  One  term  Is  the 
diffusion  component,  and  the  other  term  Is  a  lower  order  multiple  scattering 
part,  which  may  even  be  a  direct,  non-scattered  portion  of  the  transmitted  beam. 
Some  data  showed  that  for  wide  FOV,  the  received  pulse  consisted  of  a  large 
diffusion  component,  and  that  as  the  FOV  decreased,  the  pulse  energy  In  the 
diffusion  component  decreased  and  the  non-diffusion  part  Increased.  In  the 
limit  of  the  smallest  FOV,  only  the  non-diffusion  component  was  obtained.  Other 
examples  show  that  for  very  dense  clouds,  the  only  component  received  was  the 
diffusion  type.  Data  was  presented  for  the  power  received  as  a  function  of  FOV 
of  the  receiver  for  various  values  of  optical  thickness,  and  for  the  case  where 
the  transmitting  aircraft  was  not  directly  overhead,  but  5000  yards  distant,  and 
for  the  cases  where  the  receiver  was  Intentionally  directed  5  and  10  degrees 
from  the  vertical.  The  measured  pulse  widths  were  consistently  smaller  than  the 
theoretical  values  derived  from  Stotts**  using  the  value  of  optical  thickness  as 
Inferred  by  the  HSS  moon  radiometric  data.  This  discrepancy  may  be  explained  by 
the  overestimation  In  the  values  of  cloud  physical  thickness  measurements  made 
by  the  meteorological  aircraft. 

**Stotts:  Applied  Optics,  V7,  504  (1978) 
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VARIABLE  FIELD  OF  VIEW  RECEIVERS 
AND  DATA  RECORDING  SETUP 
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KAUAI  CLOUD  EXPERIMENT  MEASUREMENTS:  G„ 
ABSORPTION  TECHNIQUES  2 

H.S.  Stewart  and  D.  F.  Hansen 


A.  Discussion  of  Basic  Technique  and  Pre-Kauai  Experimental  Measuremc 
by  H.S.  Stewart. 


Slide  1. 
Slide  2. 
Slide  3, 
Slide  4. 


Slide  5. 
Slide  6. 


Slide  7. 


Slide  8. 


Slide  9. 


Slide  10. 
Slide  11. 


States  the  purpose  of  the  technique 

States  the  basic  concept  of  the  technique 

States  the  method  of  concept  implementation 

Lower  half  of  slide  shows  how  resolution  spectrum  of 
sunlight  as  transmitted  by  one,  two  and  three  air  masses. 

The  selected  wavelength  for  measuring  O2  absorption, 
0.7606/u  is  shown  as  "on"  and  the  wavelength  for  O2  free 
observation,  0.7530ju,  is  marked  as  "off".  Top  of  slide 
shows  zenith  angles  for  one,  two  and  three  air  mass 
observations. 

Illustrates  concept  of  diffuse  transmission  as  compared 
to  specular  transmission,  I0S(Z)/I0, 

The  0.  5°  field-of-view  teleradiometer  and  its  on  and  off 
band  filters  used  for  measurements  of  O2  absorption  in 
clouds. 

San  Nicolas  Island,  CA.  Observations  of  O2  absorption 
in  overcasts  were  made  at  NW  corner  near  the  NRL  Tower 
Site. 

Calibration  of  the  teleradiometer  made  against  setting 
sun.  In  this  plot  log  (on-band  reading)  -log  (off-band 
reading)  is  plotted  against  (path  through  atmospheric 
02)*^  2  and  gives  a  straight  line. 

Reduced  data  for  May  3,  1979  overcast.  Readings  are 
made  at  zenith  angles  30°,  45°,  and  60°  and  azimuth  values 
north,  east,  south  and  west.  On  the  figure  for  each  direction 
the  time  delay  in  the  overcast  in  microseconds  is  printed 
above  the  transmission  of  the  overcast. 

The  same  as  Slide  9  but  for  May  4. 

The  left  hand  side  of  the  slide  shows  a  camera  system  for 
recording  the  on-band/off-band  ratio  simultaneously  for 
many  lines -of-sight.  The  camera  views  the  whole  hemi¬ 
sphere  of  the  sky  via  the  reflecting  sphere.  Separate 


HSS  Inc 
2  Alfred  Circle 
Bedford  MA  01730 


529 


Slide  11  (cont. )  pictures  are  taken  through  the  on-band  and  the  off-band 
filters.  Data  is  reduced  separately  for  each  of  125000 
lines-of-sight  giving  time  delay  in  O2  an<^  cloud  and  over¬ 
cast  transmission. 

Slide  12.  From  data  taken  as  in  Slide  11a  curve  of  probability  of 

-  geometric  plus  diffusion  delay  as  a  function  of  delay 

time  is  generated.  Slide  12  shows  such  a  curve  for  0937 
3  August  1977. 

Slide  13.  It  is  possible  that  future  observations  may  involve  multiple 

lines-of-sight  but  not  as  many  as  125,000.  The  slide  shows 
a  possible  subdivision  of  the  hemisphere  of  the  sky  into 
25  elements  giving  equal  signals  from  a  uniform  overcast. 
Some  radiometric  gadget  might  be  used  for  such  obser¬ 
vations. 


B.  KAUAI  EXPERIMENT;  by  D.  F.  Hansen. 


Slide  14.  This  is  a  photograph  of  the  two -channel  teleradiometer 

j  used  during  Kauai  experiment.  Use  of  the  moon,  instead 

of  the  sun  as  the  source  of  illumination  required  the  instru¬ 
ment  to  have  high  sensitivity.  This  sensitivity  was  provided 
by  use  of  thermoelectrically  cooled  photomultiplier  tubes 
and  six-inch  diameter  collecting  apertures.  Each  channel 
was  equipped  with  a  six-inch  diameter  interference  filte^; 
the  center  wavelength  of  the  on-boand  channel  was  7608  A, 
with  a  half-peak  bandwidth  of  15  A;  the  center  wavelength  of 
the  off-band  channel  was  7530  A  with  a  bandwidth  of  30  A. 

A  circulating  fluid  heat-exchanger  unit,  also  shown  in  the 
photograph  was  used  to  extract  the  heat  from  the  thermo¬ 
electric  coolers. 

Slide  15.  Photograph  of  the  electronic  controls  and  PAR  photon 

counting  systems  used  in  conjunction  with  the  two-channel 
tele-radiometer. 

Slide  16.  Summary  of  data-run  participation  using  the  two-channel 

tcleradiomcter  during  the  KAUAI  Experiment. 


Slide  17. 


Slide  18. 


Slide  19. 


Slide  20. 


Slide  21. 


Slide  22. 


Slide  23. 


Slide  24. 


Calibration  curve  for  the  two-channel  teleradiometer 
generated  prior-to  the  experiment,  with  cloud-free 
lines  of  sight  at  Barking  Sands,  Kauai  using  sunlight 
(greatly  attenuated)  as  the  source  of  illumination;  and 
also  using  cloud-free  lines  of  sight  and  the  moon  as 
the  source,  during  the  evenings  when  the  experiments  were 
conducted. 

Visual  observations  of  overcast  and  precipitation  which 
were  present  during  each  of  the  data  runs  for  two  even¬ 
ings  when  the  teleradiometer  participated  in  the  KAUAI 
experiment. 

Typical  Data-Results.  Table  summarizing  the  measure¬ 
ments  made  with  the  two-channel  teleradiometer  on  each 
data  run  and  the  data  derived  from  the  measurements. 

Comparison  of  mean-time-delays  measured  by  GTE-Sylvania 
with  mean -time  delays  measured  with  the  two -channel 
teleradiometer  for  Aircraft  Run  No.  120.  The  zenith  angle 
changes  for  the  Syl vania  data  as  the  aircraft  passes  over¬ 
head  whereas  for  any  given  run  the  zenith  angle  to  the  moon 
is  fixed  for  the  teleradiometer  measurement. 

Comparison  of  mean -time -delays  measured  by  GTE-Sylvania 
with  mean -time -delays  measured  with  the  two-channel 
teleradiometer  for  Aircraft  Run  No.  119. 

Comparison  of  mean-time-delays  measured  by  GTE-Sylvania 
with  mean  time  delays  measured  with  the  two  channel  tele- 
radiometer  for  Aircraft  Run  No.  100.  Note  the  large  change 
in  mean-time -delays  which  occured  in  the  Sylvania  data 
when  the  rain  shower  commenced  over  the  site. 

The  major  differences  between  the  Sylvania  and  MSS  Inc 
measurements  of  mean-time-delay  are  attributed  to  the 
fact  that  the  zenith  angle  to  the  moon  was  quite  different 
than  the  zenith  angle  to  the  aircraft  for  all  data  runs. 

Scatter  diagram  of  correlation  between  NOSC  and  HSS  Inc. 
Values  of  Optical  Thickness  - -obtained  on  eighteen  data  runs. 

Plot  of  moan-time -delay  vs  product  of  optical  thickness  and 
geometric  thickness  of  the  clouds  for  23  data  runs. 


Slide  3. 
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figure  5.  Celibration  of  two  wavelength  telfiadiometer,  18  *V* « iv  1 1 
Slide  8. 
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Detc-ctor 


Slide  11. 
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DELAY  TIME  (MICROSECONDS 


KAUAI  LASER 


CLOUD  EXPERIMENT 


TE  LE  R  A  DI OM  E  TE  R  PA  R  TI C I P A  TIO  N 


NUMBER  OF  AIRCRAFT  RUNS - - -336 

TELERADIOMETER  PARTICIPATION . . -  117 

A/C  RUNS  SELECTED  FOR  ANALYSIS**  -  - -  28 

A/C  RUNS  WITH  SIGNIFICANT  MEAN-TIME -DELAY -  12 

‘■-BASIS  OF  SELECTION 

(1)  CLOUDS  IN  OVERHEAD  DIRECTION 

(2)  CLOU DS  IN  LOS  TO  MOON 

(3)  GTE-SYLVANIA  DATA  SHOWS  PULSE  STRETCHING 

(4)  TELERADIOMETER  DATA  SHOWS  MEAN -PATH -DELAY 


Slide  16. 
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A/C  RUN  NO 
SEPT.  5, 197* 


TIME  HRS.  A  MJNUIE5 
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Slide  20.  ZENITH  ANGLE  -  DEGREES. 


A/C  RUN  No.  11!) 


552 


slide  21.  ZKNITII  ANGUS  -  DKGRKKS. 


OPTIC  M  THlCKNISS  -  HSS.Inc. 

Scatter  diagram  of  correlation  between  NOSC  and  HSS  Inc 
Values  of  Optical  Thickness  for  eighteen  data  runs;  the 
Coefficient  of  Determination  r^  3  0.89  and  the  Correlation 
Coefficient  ra0.94. 
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UPLINK  PROPAGATION  AND  ADAPTIVE  OPTICS* 


D. P.  Greenwood 
27  March  1980 

Massachusetts  Institute  of  Technology 
Lincoln  Laboratory 
P.0.  Box  73 

Lexington,  Massachusetts  02173 
ABSTRACT 

The  basic  limitation  to  propagating  a  laser  beam  from  ground  to  space  for 
the  Blue  Green  communication  application  is  atmospheric  turbulence.  Also, 
thermal  blooming  is  beginning  to  be  significant  for  laser  power  levels  above 
approximately  100  kWatt,  average  power,  for  a  wavelength  of  0.48  /jm.  We  have 
addressed  the  degree  to  which  the  beam  is  spread  by  these  aberrating  effects, 
and  also  the  effectiveness  of  adaptive  optics  in  correcting  for  the  induced 
phase  errors.  Adaptive  optics  appear  feasible  in  reducing  the  beam  spread  to 
near  diffraction-limited  performance,  however,  there  are  a  number  of  residual 
errors:  amplitude,  fitting,  isoplanatism,  bandwidth  and  signal -to-noise.  With 
reasonable  care  in  reducing  these  errors,  the  up-link  loss  can  be  reduced  to 
approximately  5-10  dB  (depending  on  zenith  angle),  of  which  2  -  5  dB  can  be 
attributed  to  atmospheric  extinction. 

"The  views  and  conclusions  contained  in  this  document  are  those 
of  the  contractor  and  should  not  be  interpreted  as  necessarily 
representing  the  offical  policies,  either  expressed  or  implied, 
of  the  United  States  Government." 


*  This  work  is  sponsored  by  the  Advanced  Research  Projects  Agency. 
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UP-LINK  PROPAGATION  AND  ADAPTIVE  OPTICS 


PROBLEM  STATEMENT 


OBJECTIVE:  »To  efficiently  transfer  power  from  a  ground-based 

high  power  laser  to  a  spaceborne  target. 


APPROACH:  *  Estimate  the  aberrating  effects  of  atmospheric 

turbulence  and  thermal  blooming. 


•For  sufficiently  large  atmospheric  aberrations  with 
respect  to  jitter  and  device  quality,  consider  the 
effectiveness  of  wavefront  correction  by  adaptive  optics, 
including  fast  tracking. 


LARGE  SPACE  MIRROR 


ATKX*  FDR  TURBULENCE  AND  BL00MIN6 


I 


OUTLINE 


1.  Methodology 

Identifies  sources  of  aberration  causing  beam  spread 

2.  Discussion  on  extinction,  beam  quality,  jitter 

3.  Turbulence 

•Uncorrected  beam  spread 

•Effectiveness  of  correction  using  adaptive  optics 

4.  Thermal  Blooming 

•  Magnitude  of  error 
•Correction  using  adaptive  optics 

5.  Combination  of  effects  -  computation  of  link  loss 

6.  Summary 


M.l 


I 

I 

I 


DEFINITION  OF  BEAM  QUALITY 


(tuesjao )  xaxona  ni  xnii 


5(.: 


RAP 


'Sample  system  parameter  « Av  =  fafl/winter 

‘'Conservative  value  used  Sv-.x  ^s/s  =  spring/summer 

3|:or  an  equivalent  column  height  of  0. 35  cm  (varies 
from  0.25  -  0.42  cm  over  US) 

^Baseti  on  US  Std.  Atmosphere  1962 


AEROSOi-  EXTINCTION  COEFFICIENT 
X»0.4/i.m 
(from  Shtttla) 
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EXT;  NCTfON  MUMKR 


SAMPLE  SYSTEM  PARAMETERS  USED  IN  COMPUTATIONS 


Laser: 


Power 

Wavelength 


System: 


PAV  =  120  kWor  less* 
>  -  0. 48/jm 


Grou  nd -based 

Beam  Quality  0-1.2 

Amplitude  Factor  7  *  1. 1 

Output  Aperture  Diameter  D  a  4m 


Atmosphere:  (Values  at  Zenith) 


Turbulence  coherence  length 
Isoplanatic  angle 
Log-amplitude  mean  square 


Sample  Sys 
rQ  a  10  cm 

6>0  =  25  rad 

or  2  =  o.  05  neper2 


Conservative 
4  cm 

!5/urad 

C.  I  neper2 


Satellite: 

Synchronous  hj-  =  40Mm 

Zenith  angle  Qz  -  0-72° 

Aperture  diameter  ^  B  10m 


*120  kW  corresponds  4  kJ /pulse,  30  pps 


DIFFRACTION  AND  DEVICE  LIMITED  AREA 


Aoq  -  tt(0.65XL/D)2 

Ao  ■  7VAoo 

Sample  System: 

A00  ■  30- 6  n’2 
A0  -  53. 3  m2 


Diffraction 


Device 


5  (>N 


JITTER  CONTRIBUTION 


aAj  ■  2irOj 


Criterion:  Have  jitter  contribution <device  limited  area 


2r<  aj  LZ<  A 


o 


n 


n  al  'vti  \  ir\ 

u.  -tvi  •  r  * '  i  u 


Sample  System:  Cj  <-  ?0  nrad 


(Beyond  current  state  of  the  art,  but  an  even  smaller  jitter  is  desirable 


UNCORRECTED  TURBULENCE 


Mt/A00-  <D/r/ 


where  rQ  =  atmospheric  coherence  length  (Fried) 


2 

Cn  (z)  dz 


r0~($ec 


Sample  System; 

AAy/A^  •  1600 

AAy  ■  4. 9  x  itf*  m2 
AAr/  Aq0  ■  6. 6  x  I03 
AAf  ■  2. 0  X  I05  m2 


at  0Z  •  0° 


at  02  ■  72° 


Clearly,  turbulence  must  be  corrected,  and  the  correction  must  be  very 
good,  such  thatortly  £1%  remains. 


TURBULENCE 


MULTI -ELEMENT  ADAPTIVE  OPTICS  CORRECTION 


-I  +  exp  [ 


2 

°FIT 


2 

aAMPL 


a 


ISO 


+  a 


BW 


+  °sn1 


where  FIT 

AM  PL 
ISO 
BW 
SN 


Fitting  Error 
Amplitude  Error 
Isoplanatic  Error 
Bandwidth  Error 
Signal-To-Noise  Error 


CAUTION:  The  above  model  is  very  simplistic  and  not  rigorous. 

There  are  complex  interactions  between  all  terms 
listed. 


FITTING  ERROR 


a piT  c  0.35  (d/r0)5^  (rad2) 

where  d  s  interactuator  spacing 
The  number  of  actuators  is 

*  a 

For  a  fitting  error  (minimum)  of  1/10  wave: 
Opij  c  0.395  (rad2) 

d/rQ  -  U 
Sample  system: 

Na  *  1040  07  »  0 

Q  L 

N.  «  4260  6  =  72° 

d  L 

Conservative  system: 

N*  »  6500  0y  -0° 

o  Z 

Na  ■  26600  72° 


MATCHED  FILTER  ADAPTURE 
OPTIC  SYSTEM 


ADAPTABLE  FILTER  BASED  ON 
FITTING  FUNCTION 
(Similar  affect  accompli  shad 
with  finite  bandwidth  system) 


CF 


AMPLITUDE  ERROR 


2 


the  log-amplitude  mean-square  value 


J.  J.  Burke,  J.  Opt.  Soc.  Am.,  60_,  p.  1262-3. 
has  an  average 

-  0.05 


Sample  System: 


u.  up  isec 


Conservative  System: 

ojj  -  0. !  (sec0z),,/6 
2 

(Note  saturates  at  about  03  hence  second  value  too  high  at 
large  02) 
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ISOPLANATIC  ERROR 
(For  synchronous  altitude  satellite) 


°iso*6-88  6W5'3 

(Fried's  1st  Definition) 


where  56e  s  accuracy'  with  which  beacon  is  positioned  relative  to 
2V|_  /c  point  ahead  angle 


and  6q  »  isoplanatic  angle 

s~bri  -  0.423  k2  /  C2  (z)  z53  dz 


Sample  System: 
eQ  ■  25  (sec  0zl  '85 
Conservative  System 


krad) 


0Q  - 15  (sec0z)' 


1 


ISOPLANATIC  ERROR  (cont ) 

Seto|so°  MO)2  rad2 
Find  5^  a  0. 18  0Q 

Sample  System 
60e  =  4. 5prad 
L6(9e-  180m 

5  0e  ■  0. 69 /i  rad ) 

d7  -  72° 

L  $0e  -  28  m  \  z 

(relative  to  an  offset  of  760  m) 

Conservative  System 

6de  *  2, 7  Mrad.  0Z  •  0 
66  e  m  0. 4lptrad .  a  72° 

Note  that  for  dynamic  tracking,  the  offset  will  vary,  as  these 
numbers  are  a  function  of  Zenith  angle. 


BANDWIDTH  ERROR 


°Sw  ■  <2- 69  f<A |5/3 

(assumes  a  closed  loop  response  equivalent  to  an  RC  filter) 


f053  -0.0196 


C2  (z)  v5'3  (z)  dz 


fn  -  atmospheric  frequency 
(depending  on  wind  direction) 
fc  -  system  cutoff  frequency 
(3  dB  point  of  RC  filter) 


(sec  dz )^5 

- 

(sec  0  f2/5 


AMOS  Model  fQ  »  45  Hz  (0Z  =  O) 
(Conservative  for  ^  100  Hz) 

Sample  System: 

Assume  =  MO)2  rad2 

fc  -  211  Hz 
rc  *  0.75  sec 


Conservative  System: 


fc  *  470  Hz 


SIGNAL-TO-NOISE  ERROR 


where  a  -  constant  on  the  order  of  unity,  dependent  on  sensor  wavelength 
and  type.  (Shearing  interferometer  at  Xhas  a  =  1.2) 

and  Sn  » signal  to-noise  ratio 

For  a  desired  o^s N  *  (2^/IO)2  rad2 


A  beacon  of  0. 1  mWatt„  diameter  0. 1  m  in  visible  gives  Sn  -  2,  when 
interactuatcr  spacing  a  0. 1  m 


TURBULENCE  SUMMARY 


•  Turbulence  degradation  is  severe  but  in  part  correctable  with  adaotive 

•Adaptive  optics  residua!  errors  to  be  considered  are:  isoplanatic, 
amplitude,  bandwidth,  fitting  and  signal -to-noise.  All  are  important 

•  A  more  careful  theoretical  analysis  is  required  to  properly  combine 
effects 

•  With  a  cooperative  source,  the  beam  spread  can  be  restricted  to 
probably  no  more  than  a  few  times  device  limitea 


THERMAL  BLOOMING 


P  lulls  from  absorption  of  laser  radiation  in  atmosphere,  thus  creating 
"thermal  lens"  due  to  temperature  gradient  across  beam. 

Methodology 


•sA 


A' 


B  ■  (ND/NDC>  *  0.  72  (N0fNDCl2 


where  Nq  b  distortion  number 


Nnr*  critical  distortion  number  (depends  on 7) 


and  Ai  •  ylAoo 
Wave  Optics  Code  Runs: 

Nqc  *  8  truncated  Gaussian 

(Can  be  NqC^3-6  for  real  beams  with  irregular  irradiance  distribution) 


INTEGRATED  DISTORTION  NUMBER 


oo  fl 

ckP  f  a(z)  exp('  ae<z')dz') 

W  J 


v  (z ) 


dz 


where  c  - 1. 66  x  I0'9  m3/J 

k  ■  wsve  number  2 ir!\ 
a  -  beam  radius «  D/(2  2) 

P  -  laser  power 
a(z)  •  absorption  coefficient 
ag(z)  =  extinction  coefficient 
V(z)  ■  wind  velocity  normal  to  path 
and  z  -  incremental  position  along  path 


SIMPLIFIED  DISTORTION  NUMBER 


m  _  ckP 
ND~  pj 

exp(-Ne) 

n 

Z 
i  •  1 

<N„  A/)j 

where 

Ne’{  Vz>  dz  • 

extinction  number 

and  tU. 

.  f°°e< z) 

dz 

V 

Jo  v,^> 

for  each  absorbing  constituent 


5s: 


ABSORBING  CONSTITUENTS 


(at  X»  0.  48  pm) 

Molecular  -  ozone 
by  photo  dissociation 

hy  +0^-^  O2  +  0  +  KE 

approximately  l/3rd  of  energy  goes  into  photodissociation,  the  rest  into 
kinetic  energy 

^tozone "  |  °* 0063  sec  ffor  e<lu*va,ent  ozone  co,umn  height  of  0. 35  cm) 
(Conservative  Na  ■  0. 0095  sec  dz) 

Aerosol  -  carbonaceous,  naturally  occuring.  Each  particle  absorbs  as  black 
body  and  reradiates  to  surrounding  molecules. 
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ABSORBING  CONSTITUENTS  (cont. ) 


Na  aerosol "  (sec  ez}  *  -s 


7. 

9. 

2. 

2. 

5. 

5. 

0. 

0. 

0. 

0. 


Model: 


79  x  I0'3 

50  km  vis.  f/w' 

21  x  I0'3 

CM 

29  x  I0"2 

23  km  vis.  f/w 

47  x  I0'2 

s/s 

48  x  I0"2 

10  km  vis.  f/w 

66  x  I0'2 

s/sr 

103 

5  km  vis.  f/w 

105 

s/s 

256 

2  km  vis.  fto 

258 

s/s 

'f/w  ■  fall/winter, 

^$/s  ■  spring/summer 
•Sample  system  number 
** Conservative  value  used 


AEROSOL  ABSORPTION  COEFFICIENT 
X*0  4^m 
(from  Sh«ttl«) 
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FIGURE  S 


THERMAL  BLOOMING  CORRECTAB IL ITY 


•Absorbing  constituents  all  In  near  field,  hence  thin  lens  correctbn 
possible 


•  Bandwidth,  stroke  and  fitting*  requirements  for  blooming  are  less 
stringent  than  turbulence  requirements 


•Thermal  blooming  correction  modeled  by  adjusting  NqC  in  wave 
optics  code 


•Caution  —  we  assumed  a  fairly  smooth  irradlance  profile  and  good 
beam  quality.  A  higher  Twill  contribute  to  high  spatial  frequencies 
In  blooming-induced  phase  error 


UP-LINK  LOSS  COMPUTATIONS 


Link  Loss 


-af-IOIog,0  (AH  it(02I2)2  exp  (-Ne)l 

where  A  ■  far  field  beam  spread 

02  -  receiving  aperture  diameter  (In  space) 
Ne  -  extinction  number 


A  ■  l72/52 


+^T 

A00  Aoo 


] 
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UP-LINK  LOSS  COMPUTATIONS  (cont ) 


Sample  System 

£>z  -  0° 

ez "  72° 

System  Jitter 

°j  •  70  nrad 

70  nrad 

AO  Cutoff  frequency 

fc-2ll  Hz 

211  Hz 

AO  Number  of  actuators 

Nact  -  1040 

4260 

AO  Signal -to-noise 

S  •  2 
°n  c 

2 

Beam  position  accuracy 

60e  •  5  jurad 

0. 7  yurad 

Spot  size 

A  •  195  m2 

254  m2 

Extinction  Loss 

1.4  dB 

4. 5  dlB 

UP  LINK  Loss 

L  ■  5. 3  dB 

9.6  dB 
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UP-LINK  COMPUTATIONS  (cont. ) 


Conservative  System 

V°° 

o 

CM 

f^- 

■ 

<E> 

System  jitter 

■  70  nrad 

70  nrad 

AO  Cutoff  frequency 

fc  -  470  Hz 

470  Hz 

AO  Number  of  actuators 

Nact  ■  6500 

26600 

AO  Signal-to-noise 

CM 

■ 

c 

to 

2 

Beacon  Position  Array 

6$e  •  2. 7/irad 

0.4/irad 

Spot  size 

A  -  222  m2 

258  m2 

Extinction  loss 

5  dB 

16  dB 

UP-LINK  Loss 

L-  9.6 dB 

21.5  dB 

SUMMARY 


•  Efficient  transfer  of  a  visible  laser  beam  from  ground  to  a  space  mirror 
seems  possible,  based  on  physics  and  extrapolated  state  of  the  art 


•Adaptive  optic  correction  for  t urbulence  is  required,  and  thermal  blooming 
will  be  corrected  as  a  subset  of  turbulence 


•Critical  areas  where  further  work  is  required: 

-Large  number  of  subapertures  (preferably  low  voltage) 

-Accurate  beacon  positioning/pointing 

-Very  precise  jitter  and  boresight  correction 

-Atmospheric  measurements 

-Superb  device  quality  (sufficient  power  assumed) 
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LABORATORY  EXPERIMENTAL  EFFORT 


Approach: 

Simulation,  Involving  Phase  Screens  For  Turbulence  And 
Absorption  Cells  For  Thermal  Blooming. 

Simulates  Full  Atmosphere,  And  Includes  Far  Field 
Diagnostics 


Schedule: 

Complete 
May  1980 

June-August  1980 
September  i980  + 


Closed  Loop  Circuitry,  Diagnostics 
Phase  Sensor  Delivery 
Integration 
Experimentation 


13  ‘36V«rf 


I 

I 

I 

I 

i 

i 

i 


LABORATORY  EXPERIMENTAL  GOALS 

•  VERIFY  INTEGRATED  SYSTEM  OPERATION 

•  INVESTIGATE  PROPER  CLOSED  LOOP  STABILITY  IN  THESE  CONDITION 

•  Relatively  High/Low  Turbulence  and  Bloominq 

•  Presence  of  2ir  Ambiquities  (Varying  Shear) 

•  Various  Degrees  of  Anlsoplanatlsm 
•Hiqh/Low  S:N 

•Varyinq  Wind  Speed  &  Slew  Rate 
•Overfilled/Underfilled  Aperture 
•Presence  of  Central  Obscuration 
•Tilt  Control  On/Off 
•Thermal  Blooming  Transients 
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Quadi-Inhereni  characteristics  of  the  diffuse  attenuation  coefficient  for  irradiance 


K.  S.  Baker  and  R.  C.  Smith 


University  of  California,  San  Diego 
Scripps  Institution  of  Oceanography 
Visibility  Laboratory 
San  Diego,  California  92152 


Abstract 

The  diffuse  attenuation  coefficient  for  downwelling  irradiance  (Kd).  the  coefficient  used  to  describe  the  attenuation  of 
irradiance  as  a  function  of  depth  in  natural  waters,  is  an  apparent  optical  property.  As  such,  it  is  a  function  of  the 
geometry  of  measurement  and  other  factors  which  alter  the  radiance  distribution  as  a  function  of  depth.  In  spite  of  this, 
measurements  of  downwelling  irradiance  versus  depth  and  sun  zenith  angle  show  that  Kd  is  relatively  insensitive  to 
changes  in  sun  angle,  thus  displaying  "quasi-inherent"  characteristics,  except  for  very  large  sun  zenith  angles.  Data  will  be 
shown  to  demonstrate  this  for  a  highly  productive  water  type. 

Introduction  The  diffuse  attenuation  coefficient  for  downwelling  irradiance  is  defined  as  . 


Kd(Z)  = 


-I 

EAZ) 


dEAZ ) 
dZ 


(1) 


or  alternatively. 


UZj\ 

EAZ,) 


exp 


[  ~Kd  (Zj 


(2) 


where  Kd  has  units  of  reciprocal  length,  and  Zis  the  depth  at  which  the  downwelling  irradiance,  EAZ),  is  measured.  Thus 
Kd  is  an  optical  property  used  for  describing  the  attenuation  with  increasing  depth  of  radiant  energy  in  natural  waters. 

Preisendorfcr1  has  defined  inherent  and  apparent  optical  properties  of  the  sea  according  to  their  invariance  under 
changes  in  the  radiance  distribution  about  the  point  at  which  the  properly  is  measured.  If  the  property  is  invariant  with 
respect  to  changes  in  the  radiance  distribution,  it  is  said  to  be  an  inherent  optical  property,  otherwise  it  is  an  apparent 
optical  property.  The  diffuse  attenuation  coefficient  for  downwelling  irradiance  ( Kd )  is  an  apparent  optical  property  since  it 
is  derivable  from  the  irradiance  and  radiance,  both  apparent  optical  properties. 

Like  other  apparent  optical  properties  irradiance  Kd  is  so  called  because1:  its  behaviour  with  depth  exhibits 
reproducible  regularities  in  a  wide  range  of  natural  water  types;  it  is  possible  to  formulate  exact  mathematical 
interrelationships  that  hold,  for  all  practical  cases,  between  Kd  and  the  inherent  optical  properties;  and  the  use  of  Kd 
permits  practical  solutions  to  a  wide  range  of  problems  in  ocean  optics. 

The  concept  of  irradiance  Kd  is  particularly  useful  in  bio— optics5-3.  It  not  only  provides  a  measure  of  natural 
irradiance  as  a  function  of  depth,  i.e.  from  Eq.  (2), 

EAZ)  -  £A<r)e~*d  Z  (3) 

but  when  EAZ )  is  converted  to  quanta  and  hence  photosynthelically  available  radiation,  PAR(Z). 

PAR(Z)  -  PAR(0-)eKd  (4) 


it  can  be  used  to  optically  classify  ocean  water  types  in  terms  of  dissolved  and  suspended  biogenous  material*.  Also,  Kd  is 
an  important  parameter  for  describing  the  remote  sensing  of  ocean  color',  which  in  turn  holds  the  possibility  of  synoptically 
determining  ocean  productivity. 

Beyond  the  usefulness  and  regularities  that  have  earned  irradiance  Kd  the  title  of  an  apparent  optical  property, 
several  workers  have  observed  that  Kd  is  relatively  insensitive  to  changes  in  the  solar  zenith  angle1-7-*.  Hojerslev7,  in  clear 
waters  off  Sardinia,  and  Aas*,  in  more  turbid  Osloljorden,  measuring  broad  band  irradiance  or  total  quantum  irradiance 
concluded  that  the  "solar-elevation  efTect”  in  irradiance  Kd  was  relatively  small  and  limited  to  shallow  depths.  For  some 
years  Visibility  Laboratory  data  has  indicated  the  relative  independence  of  Kd  from  solar  zenith  angle  using  a  narrow  band 
instrument1. 


In  the  following  we  present  a  recent  and  comprehensive  suite  of  spectral  irradiance  data  that  demonstrates  this 
relative  invariance  to  solar-elevation  of  K<(\)  across  the  visible  spectrum.  We  know  of  no  previously  published  narrow 
bandwidth  results  that  demonstrates  this  efTect.  To  the  extent  that  K*(k)  can  be  shown  to  be  independent  of  the 
geometrical  distribution  of  the  sun's  input,  it  may  be  viewed  as  a  quasi-inherent  (or  at  least  as  independent  of  the  sun 
zenith  angle  0)  for  a  wide  range  of  practical  oceanographic  problems. 

The  results  presented  here  are  derived  from  a  set  of  data  taken  in  July  1979  at  San  Vicente  Reservoir,  east  of 
San  Diego.  The  reservoir  is  representative  of  the  most  productive  ocean  waters  having  a  chlorophyll  concentration  of 
approximately  7  mg  C/m 1  and  an  attenuation  length  of  1/3  meter. 

Data.  To  obtain  a  comprehensive  suite  of  spectral  irradiance  data  as  &  function  of  depth  and  solar  elevation  requires 
almost  ideal  environmental  and  experimental  conditions.  First,  atmospheric  conditions  must  remain  uniform  throughout 
the  .day.  The  data  reported  herein  were  obtained  under  clear  skies  through  a  dry  "desert  type"  atmosphere.  Second,  the 
air-water  interface  must  be  relatively  smooth.  Waves  increase  the  uncertainty  in  measuring  depths  accurately  and  require 
longer  integration  times  to  obtain  average  irradiance  values  at  each  depth.  The  latter  is  an  important  factor  if  complete 
spectral  and  depth  data  are  to  be  obtained  throughout  the  day  as  a  function  of  0  since  long  integration  times  are 
inconsistent  with  the  need  to  obtam  depth  profiles  in  a  time  short  compared  to  a  significant  change  of  sun  angle.  Our 
San  Vicente  data  were  obtained  when  the  water  surface  was  flat  calm  and  only  slightly  wind  rippled.  Third,  the  water 
column  must  be  relatively  uniform  and  remain  so  throughout  the  duration  of  the  experiment.  Figure  1,  shows  a  plot  of 
temperature  and  transmittance  (X— 550  nm )  vs  depth.  These  data  indicate  that  the  water  column  was  nearly  uniform  to  a 
depth  of  about  6  meters.  Subsequent  similar  measurements  indicated  that  the  optical  properties  of  the  water  column 
remained  relatively  uniform  throughout  our  experiment.  Finally,  for  this  type  of  study,  favorable  experimental  conditions 
are  required.  Our  data  were  obtained  from  a  moored  barge  equipped  with  adequate  rigging  so  that  shadowing  effects  on 
our  irradiance  measurements  were  negligible  (except  at  high  noon).  The  barge  provided  a  platform  where  rapid,  efficient 
and  continuous  operation  of  several  instruments  could  be  carried  out  simultaneously  from  sunrise  to  sunset. 

Spectral  irradiance,  Ed(Z,0, X)  depth  profiles  were  obtained  throughout  the  day.  Figure  2  shows  the  results  of  a 
single  Ed(Z.6.k)  depth  profile  obtained  between  1136  and  122S.  Eleven  of  these  complete  spectral  irradiance  depth 
profiles  were  obtained  throughout  the  day.  Between  each  £*(X)  profile  a  rapid  monochromatic  depth  profile  at  550  nm  was 
obtained  as  an  independent  check  on  our  analysis  procedure  for  calculating  Xd(k)  values  as  a  function  of  solar  zenith 
angle.  In  addition,  the  calibration  of  (he  instrument  was  checked  against  an  internal  reference  lamp  several  limes  during 
the  day 

The  spectral  irradiance  depth  profile  shown  in  Fig.  2  is  composed  of  nine  events  where  an  event  consists  of  a  spectral 
scan  at  a  fixed  depth  Each  of  these  events  look  approximately  three  to  four  minutes  to  complete.  Data  was  taken  every 
5  nm  from  350  to  750  nm  The  beginning  and  ending  time  of  each  event  was  accurately  recorded  As  a  consequence,  each 
set  of  Ed(Z.\)  data,  i.e.  each  event,  could  be  associated  with  a  specific  sun  zenith  angle  (or  more  precisely  a  small  range  of 
angles  associated  with  the  specific  three  to  four  minute  period).  Thus  it  is  possible  to  replot  the  Ed(Z,0.\)  data,  for  a 
given  wavelength,  as  a  function  of  sun  zenith  angle  with  depth  as  a  parameter. 


i 

» 

i 


Figure  1.  Temperature  and  transmittance 
vs  depth  for  San  Vicente  Reservoir 
(32°  58’N,  116°  35'W)  5  July  1979. 


DOWNWEllING  iWUDlANCt  UNDERWATER 
7/7/7»  Station? 

»>«*  H36  IMS 


Figure  2.  Downwelling  spectra!  irradiance 
vs  wavelength  for  several  depths. 
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One  hair  of  such  a  plot  is  shown  in  Fig.  3.  The  data  points,  one  from  each  event,  are  seen  to  progress  with  zenith 
angle  U.e.  time)  as  a  spectral  depth  profile  is  obtained.  Our  analysis  procedure  is,  for  each  wavelength:  to  combine 
morning  and  afternoon  data  sets  because  they  are  virtually  identical,  to  fit  a  best  curve  (by  eye)  through  these  £<,  vs  0  data 
points;  and  to  then  select  from  these  curves  for  each  A  the  £,(Z)  data  at  fixed  0  values  for  use  in  determining  A*(0,  A). 

It  should  be  noted  that  this  analysis  procedure  corrects  for  sun  elevation  changes  that  occur  during  the  measurement 
of  a  spectral  irradiance  depth  profile.  This  correction  is  generally  ignored  or  considered  to  be  insignificant  when  E„ 
measurements  are  confined  to  small  sun  zenith  angles.  This  correction  is  absolutely  necessary  in  order  to  accurately 
describe  solar  elevation  effects  on  irradiance  Kd  and  its  neglect  may,  in  part,  account  for  earlier  misconceptions  regarding 
the  behaviour  of  Kt  vs  9. 

Analysis  and  Discussion.  Figure  4  presents  the  results  of  this  analysis,  where  we  now  show  irradiance  (at  a  fixed 
wavelength)  vs  depth  for  selected  sun  zenith  angles.  It  can  be  noted  immediately  that  these  curves  are  almost  parallel, 
indicating  that  derived  Kd  values  will  be  relatively  insensitive  to  changes  in  sun  zenith  angle. 

For  the  present  discussion  we  have  chosen  to  ignore  the  variation  of  Kd(9.  A)  with  depth;  i  e.  in  determining  Aa(0. A) 
values  wc  have  fit  a  straight  line  through  the  Ed  vs  Z  data.  This  variation  is  currently  being  investigated  and  will  be 
published  elsewhere.  For  our  current  discussion  it  is  important  to  recognize  that,  independent  of  how  or  at  what  optical 
depth  Kd  is  determined,  the  slopes  of  the  Ej  vs  2  curves  behave  in  a  "parallel”,  i.e.  similar,  manner  for  all  sun  angles. 
Thus  our  conclusions  drawn  for  straight  line  Kd  values  are  valid  however  we  determine  AV 


*  no**,  I 


90  W  70  60  50  40  30  20  10  0 

SUN  ZENITH  ANGLE  I0«gr«*» 

Figure  3.  Downwelling  irradiance,  at  520  nm, 
versus  sun  zenith  angle  for  several  depths 
(0.25,  0.50,  1,  2,  3,  4,  5,  6  and  7  meters) 
Daia  points  are  indicated  by  the  center  of 
numerals  specifying  the  depth  in  meters 
(except  for  the  top  two  curves) 


Figure  4.  Downwelling  irradiance,  at  520  nm. 
vs  depth  for  several  sun  zen  h  angles. 

These  data  are  replotted  from  the  data 
shown  in  Fig  3. 


From  data  such  as  that  shown  in  Fig.  4  the  diffuse  attenuation  coefficient  for  downwelling  irradiance,  K„{9,  A),  can 
be  derived.  Figure  5  presents  Kd{9)  vs  sun  zenith  angle  for  several  selected  wavelengths.  Again,  it  can  be  seen  that  A*  is 
relatively  insensitive  to  changes  in  sun  zenith  angle.  Factors  that  may  contribute  to  the  insensitivity  of  A j  to  sun  angle 
include:  first,  that  the  full  upper  hemisphere  is  compressed  by  refraction  to  a  half-angle  48°  cone;  second,  that  with 
increasing  sun  zenith  angles  the  ratio  of  sky  to  total  irradiance  increases. 

Variations  of  Kd  with  changes  in  sun  zenith  angle  are  shown  quantitatively  in  Fig.  6.  Here  we  have  plotted  the  ratio 
of  the  diffuse  attenuation  coefficient  at  9  degrees  to  that  at  0-10°  (Kd(9)! Kd(9-\0°»  versus  sun  zenith  angle.  A  solar 
zenith  angle  of  ten  degrees  was  the  highest  sun  elevation  during  these  experiments.  These  dBta  indicate  that 
Arf(0)//f<(lOf  varies  less  than  five  percent  for  sun  zenith  angles  of  less  than  40°  and  the  variability  of  Kd  throughout  the 
day  (0-10°  to  80°)  is  less  than  twenty  percent  This  is  true  over  the  full  spectral  range  of  our  data  Making  a  first  order 
correction,  using  the  cosine  of  the  refracted  sun  zenith  angle7  *,  does  not  significantly  reduce  the  variability  of  A*  with  0 

These  data  indicate  that  the  diffuse  attenuation  coefficient  for  downwelling  irradiance,  A'a(A),  is  relatively  insensitive 
to  changes  in  sun  angle,  thus  displaying  "quasi-inherent”  characteristics.  Thus,  to  within  an  esumateable  accuracy,  Kd(k) 
may  be  considered  independent  of  sun  elevation  and  is  useful  for  a  wide  range  of  practical  oceanographic  problems.  A 
complete  theoretical  analysis  and  description  of  these  results  is  currently  under  study  and  will  be  presented  elsewhere 
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2.00 


Figure  5.  Diff  use  auenuaiion  coefficient  for 
irradiance  vs  sun  zenith  angle  for  several 
wavelengths. 


Figure  6.  The  ratio  -  10  ^  vs  sun 

zenith  angle  for  several  wavelengths. 

These  data  were  derived  from  the 
data  presented  in  Fig.  5. 
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ASSESSMENT  OF  THE  DIFFUSE  ATTENUATION  COEFFICIENT 
FROM  REMOTE  SENSED  (CZCS)  RADIANCE 


R.  W.  Austin 

Visibility  Laboratory 
of  the 

Scripps  Institution  of  Oceanography 
University  of  California,  San  Diego 


Abstract:  This  program  has  as  its  goal,  the  accumulation  and  storage 

of  ocean  optical  properties  that  can  be  used  as  a  data  base  to  assess 
the  potential  performance  of  optical  communication  systems.  Available 
data  from  in-situ  measurements  are  to  be  used  where  available  but  are 
totally  inadequate  in  number  for  the  large  ocean  areas  required.  A 
method  utilizing  the  Coastal  Zone  Color  Scanner  [CZCS)  is  being  tried 
which  will  permit  the  diffuse  attenuation  coefficient  (K)  of  the  surface 
waters  to  be  determined  synoptically  over  large  areas.  The  character¬ 
istics  of  the  CZCS  are  described.  Examples  of  the  spectral  K's 
measured  on  surface  validation  cruises  are  shown  and  compared  with  the 
Jerlov,  with  pure  sea  water  and  with  spectral  K's  generated  using  an 
algorithm  developed  by  Smith  and  Baker. 

A  new  algorithm  for  determining  the  K(490)  and  K(520)  is 
presented  which  depends  on  the  ratio  of  the  upwelling  water  radiances 
at  443  and  520  nanometers---two  of  the  spectral  bands  of  the  CZCS. 

A  relationship  between  K(490)  and  plankton  pigment  concentration  is 
given  which  may  prove  useful  estimating  K's  in  areas  where  chlorophyll 
concentrations  have  been  made.  The  problem  of  the  relationship 
between  the  K  measured  at  the  surface  and  that  applying  to  the  upper 
100  meters  is  addressed  and  some  examples  shown.  Four  CZCS  images 
where  K's  have  been  calculated  over  the  entire  scene  are  presented. 

A  comparison  is  shown  between  the  K's  measured  in-situ  and  calculated 
from  the  CZCS  radiances  for  4  stations. 
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OCEAN  OPTICAL  PROPERTIES 
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Resulting  Sun  Angle 


WAVELENGTH  ( X  )  NANOMETERS  (nm) 

Figure  2-3.  C2CS  Spectral  Reipoiue  for  Channel*  I  through  5 
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AH13^0iaVH-0HLD3dS  HELLVM-NI 


(nm) 


DUNTIEY 


K  =  <a*2*  2a*b*b>^ 

K  =  a  +  ^  where  n  -  6  HONEY 

Kt  =  Kw  ^k1Ck+  K„  SMITH  &  BAKER 
=  Kqp 

Let  K w  =  aw  +  bbw 
and  since  fiw{6)  is  symmetric  i.e. 


bbw  =  VSbw, 

Then 

=  a  w  ♦  ^b* 


616 


WAVELENGTH  A  (ran) 


Diffusa  >tt  an  nation  ooafficiant  for  Irradtancs  Kjl  m” ']  ••  a  function  of  wavelength  for  various  values 
of  chlorophyll-like  pignant  concentration  Cgl  (mg  piipnent  -  The  curves  wars  calculated  using 

Eqs.  4  and  Table  1. 
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DIFFUSE  ATTENUATION  COEFFICIENT  AND  PLANT  PIGMENT  CONCENTRATION 
vt  BLUE -GREEN  RADIANCE  RATIO 
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STATION  OS- 06  CATE  22  AUG  79  LAT  40°36N  LONG  8^28. 9'R  WATER  DEPTH  JJaL 

SPECTRAL  FILTER  NO  A  490  9  SURFACE  TEMP  19,1 
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AN  ANALYTIC  MODLL  i't'K  CLOTI'  l  lUWACAT  ION 


A]’  Ciervo 
AHSTKAtT 

This  paper  pi  1‘si'iit  s  ,iu  .ni.ilyt  if  mod v J  lor  the  propagation  ol  .in  op¬ 
tical  pulse  through  a  mul;  iple  scattering  medium.  Slid  i  a  model  is  needed 
to  i  nve  st  i  gat  c  tin-  etfect  ol  clouds  on  op:  ical  oommunicat ions  Item  satel¬ 
lite  to  submat  ino .  Key  results  include  simple  expiessions  lot  t  lie  lit.i 
two  spat  ial  and  angular  moments  of  tlie  radiance  d  i  s  1 1  i  hut  ion  tor  a  n.inow 
de1 1  a-1  iinet  ion  source  immersed  in  an  iuliuite  seat  t  er  i  it  >;  medium.  The 
moments  support  a  dittusiou  appi oxiuuit ion  lor  the  transport  process  in 
an  infinite  plane-parallel  cloud.  First  the  radiance  is  calculated  at 
tin1  cioud  exit  and  on  a  plane  an  aibitrary  distance  below  the  cloud, 
then  power  collected  by  a  finite  receiver  located  on  this  plane  is  com¬ 
puted.  The  model  is  validated  l>y  com.'  a  r  i  ng  its  results  with  computer 
simulation  curve  I  its  for  optically  thick  clouds  (i.e.,  1  >  13).  The 
model  is  capable  ol  duplicating  nearly  a  1.1  the  simulation  results  hut 
at  significantly  lower  cost.  Furthermore,  linile  receiver  calculations 
that  are  impractical  to  simulate  are  readily  computed. 
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AN  ANALYTIC  MODEL.  FOR  PROPAGATION  THROUGH  CLOUDS 
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ANALYTIC  VS  SIMULATED  PULSE  SHAPES 


£  =  ksct.  NORMALIZED  TIME 
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,  NORMALIZED  ENERGY  LEAVING  CLOUD 


ENERGY  TRANSMISSION  VS 
OPTICAL  THICKNESS 


t,  OPTICAL  THICKNESS 
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FOV  EFFECTS  ON  RECEIVED 
ENERGY  BELOW  CLOUD 


T”  30 
E0-1J 
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Og  » 500  m 

<cos  0)  -  0.850 
a  «  20  cm 


At.  AVERAGE  MULTIPATH  TIME  DELAY  (NORMALIZED) 


EFFECT  OF  CLOUD  AND  ATMOSPHERIC 
LAYER  ON  RECEIVED  ENERGY 
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